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Abstract
In a field dominated by risk assessment, diagnostics could greatly benefit from the
use of electric characterization tools. Electric field based diagnostic tools are low risk to
the patient, offer high throughputs, and are versatile in the diseases they can diagnose. Even
if electrical characterization tools, aren’t yet equal in the diagnostic confidence level
produced compared to more established FDA approved techniques like the agar plate, when
a patients symptoms indicate the necessity for time efficient treatment, electrical
characterization could provide a rapid, safe alternative diagnostic tool to be used in tandem
with other existing techniques.
The work presented in this dissertation will focus on gaining understanding for a
single electrokinetic domain; Dielectrophoresis (DEP). DEP is a proven and reliable
technique for the manipulation, separation, and enrichment of many microorganisms
including but certainly not limited to bacteria, DNA and bloodborne pathogens [1–8]. DEP
is a noncontact, non invasive technique that would pose low patient risk with regards to
diagnosis. The versatility in the variety of microorganisms that exhibit a DEP response and
its proven ability to separate cells are a promising characteristics that can be exploited for
the development of a novel diagnostic tool.
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Chapter 1

Introduction
Physics, one of the oldest and most fundamental sciences, uses mathematical laws
to explain the world and how it behaves. When applied to biological systems, particularly
cells, we can begin to understand the most basic unit of life and its’ inner workings.
Although cells are the most basic unit of life, they are far from basic and have historically
been misunderstood and simplified by the scientific community.
Due to the length scale of cells and their organelles, research has been limited by
what can be observed and studied by the current state of the art in microscopic visualization
and cellular analysis, which is continuously improving. Starting with the invention of the
compound microscope in 1609 by Galileo, the first cell was observed shortly after by
Leeuwenhoek in 1676. However, it wasn’t until the 1900’s that the state of the art in
microscopy saw tremendous breakthrough with the inventions of phase contrast,
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and
confocal microscopes as well as advancements in visualization techniques with the
discovery of the green florescent proteins and more recently super resolution microscopy.
These advancements in microscopy greatly expanded the field of biology facilitating
innovation surrounding the observation and understanding of different cellular phenomena.
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More so it revealed how highly organized and complex cellular entities are and how little
is known about their functions.
Cells are not only complex and organized, but they are inherently diverse. A recent
study in 2016 has estimated that as many as 1 trillion different species could exist on earth
[9]. The differences in the size, shape, intracellular and extracellular components across
different cell species make each cell vastly unique. Understanding these differences is
fundamental to understanding topics including; transport, physiology, microfluidics,
purification, enrichment, and can be particularly import in the diagnosis of diseases.

1.1

Adding Diagnostic Perspective
A diagnosis is a hypothesis about the nature of a patient’s condition. The diagnostic

process begins with the patient’s recognition of a health problem followed by the
subsequent decision to engage with their health care system. Once the patient enters the
health care system there is an iterative process of gathering, integrating and interpreting
information. The diagnostic process begins with an interview and physical exam where the
clinician acquires the clinical history of the patient and observes their physical symptoms
to makes an initial working diagnosis. The working diagnosis may be a single disease or a
list of potential diseases that may explain the observed symptoms. The decision to begin
treatment based on a working diagnosis is determined by: (1) the degree of certainty about
the diagnosis; (2) the harms and benefits of treatment; and (3) the harms and benefits of
gathering further information which includes the impact of delaying treatment. Based on
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the balance of risks the clinician will elect to conduct some form of diagnostic testing or
begin treatment. This process is repeated until adequate information is gathered.
In our current health care system diagnostic testing can be described by three
different branches; clinical pathology, analytical pathology, and medical imaging. Clinical
pathology refers to diagnosis through the examination of blood, urine, or other fluid
specimens. Anatomic pathology addresses the visualization of solid specimens such as
tissues or cells. Lastly medical imaging refers to the use of advanced imaging techniques
like the MRI, X-ray or CT scan. A multitude of diagnostic tools exist within each branch
of diagnostic testing.
Common to all diagnostic testing is the principle of gathering information in order
to recognize the patient’s condition to some confidence level. 100% diagnostic certainty is
impossible to achieve, but different techniques may be used successively or in tandem to
increase the confidence level in the diagnosis. Obtaining a diagnosis is a continuous
process of balancing risks, where the final diagnosis is made when either; (1) the healthcare
team determines the current working diagnosis is sufficiently accurate, (2) the risk of a
subsequent testing procedure is greater than the improved confidence in the diagnosis, (3)
the risk of passing time becomes greater than performing subsequent testing, or (4) if the
risks involved in treatment are comparatively low.
An established diagnostic tool in the field of clinical pathology is the broad use of
agar plates to recognize a wide range of diseases. More specifically, agar plates provide
nutrients that induce a unique cellular response. The unique response or lack thereof is used
to confirm or deny the presence of specific diseases. When the working diagnosis contains
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the possibility of many different diseases several agar plates of different nutrient varieties
may be required. A sophisticated plating procedure must be used to optimize the
concentration of the unknown culture on the agar plate. Careful handling, a biological hood
for plate preparation and clean isolated storage is required to avoid contamination while
the cultures incubate. Agar plates typically require 18-36 hours to allow sufficient cell
growth to confirm the presence of a disease and longer growth periods are required to deny
the presence of a disease. Access to a wide variety of chemical nutrients is required on site
in order to make the type of agar plate needed to diagnose a given disease. Agar plates can
be ordered premixed with the desired nutrients and refrigerated but these have a short shelf
life and are not efficient on storage space. Not all diseases can be identified with agar plates
and may require alternate tools to make a final diagnosis. Overall, the agar plate is able to
confirm or deny the presence of a disease to a high confidence level but lacks versatility
on the diseases it can identify and relies on culture growth for identification so is very
inefficient in its’ time to diagnosis.
The electrokinetic response of a cell is a growing topic of interest in the field of
diagnostics [10–16]. Cell spp. are hypothesized to have a unique electrokinetic response
allowing them to be identified through measuring their response to an electric field. Unique
identifiers, like the electrokinetic response of a cell, are fundamental to diagnosing diseases
by providing the ability to distinguish between cell spp.. Unique electrokinetic responses
have been measured for a multitude of different diseases [17–21]. In addition, a cells
inherent properties determines its electrokinetic response facilitating an efficient
throughput for diagnosis by providing the ability to observe the electric response
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immediately after an electric field is applied and not relying on the growth of cell cultures.
Lastly, electric field based diagnosis is expected to be a low risk due to the fact that it is a
minimally invasive technique requiring only a fluid sample containing the unknown cell
culture and no requires patient contact. Sophisticated equipment and trained technicians
would likely be required, similar to many diagnostic tools, however, the technique is
expected to be efficient in terms of the size of the equipment and required storage space
[13].
In a field dominated by risk assessment, diagnostics could greatly benefit from the
use of electric characterization tools. Electric field based diagnostic tools are low risk to
the patient, offer efficient throughputs compared to growth culture based diagnostics, and
are versatile in the diseases they can diagnose [11,14]. Even if electrical characterization
tools aren’t yet equal in the diagnostic confidence level produced compared to more
established techniques like the agar plate, when a patient’s symptoms indicate the necessity
for time efficient treatment, electrical characterization could provide a rapid, safe
alternative diagnostic tool to be used in tandem with other existing techniques.

1.3

Techniques for measuring a Cell’s Electric Properties
This dissertation is certainly not the first to recognize the importance in a cells

inherent electric properties. From a historical perspective, measurements of AC dielectric
properties have had a significant impact in cellular research since the early 1900’s when
Höber determined that red blood cells are composed of a poorly conductive envelope that
surrounds a conductive electrolyte [22]. Fricke, shortly thereafter, utilized Maxwell and
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Wagner’s dielectric mixture theories to discover the ultrathin nature of cell membranes.
Significant developments in dielectric methodologies and adaptations of the dielectric
mixture theory throughout the 19th century facilitated the creation of a number of dielectric
measurement tools that can be utilized for numerous interesting applications ranging from
the real time estimation of microbial biomass to the measurements of the conductivity of a
cell and its organelles. Chapter 3 and 4 of this dissertation will present a novel method for
the characterization of a cells electrokinetic response and use this characterization to
estimate the electric properties of a cell and its’ organelles. This dissertation is not the first
to estimate electric properties from an induced electrokinetic response. The state of the art
for estimating a cells electric properties are presented here.
1.3.1 Patch Clamp
The development of the patch clamp technique occurred in the late 1970s and made
it possible to measure the membrane properties of small spherical or ellipsoidal cells [23].
This method utilizes a glass micropipette and soft suction to attach itself to the outer
membrane of the cell. Inside the micropipette a pair of electrodes bathed in electrolytic
solution is used to apply electrical pulses of varying magnitude [23,24]. Subsequent
measurements of the current and voltage passing through the membrane are obtained.
Hence, the relationship between the current and voltage can be used to estimate the
electrical properties of the membrane. High precision equipment and a clean environment
are required for this invasive technique to ensure the electrodes are properly positioned and
free of contamination [23,24].
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1.3.2 Nanoprobe
Similar to the patch clamp method the nanoprobe utilizes a pair of electrodes,
typically in the form of nanoscale wires. The wires are used to directly infiltrate the cell to
measure the current-voltage characteristics of different organelles and thus their electrical
properties [25,26]. This technique requires high precision and a sophisticated
understanding of the cell structure to make direct measurements. This is also an invasive
technique that requires a cleanroom with high precision equipment to properly position the
electrodes [25,26].
1.3.3 Electrorotation and Impedance Based Flow
Electrorotation, impedance based flow, and dielectrophoresis (DEP) techniques are
more modern techniques for estimating the electrical properties of a cell and its’ organelles.
These techniques offer great advantage over the traditional patch clamp and nanoprobing
technique due to the contactless and noninvasive nature of the measurement [25]. This
offers the advantage of making electrical measurements while maintaining the viability of
the cell culture. Each of the techniques described here measure a cell’s electric properties
by characterizing the electrokinetic response of a cell for a specific electrokinetic domain.
The relationship between the theoretical and experimental expressions for a given
electrokinetic domain are used to produce estimates of the cell’s electric properties [25].
Electrorotation utilizes the theoretical relationship between the torque and applied
frequency of the field to estimate a cells electric properties [25,27]. Experimental
measurements of torque are made through measuring the rate of rotation of the cell and
measurements of frequency are typically made with an oscilloscope. Electrorotation is
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shown to have the ability of estimating the properties for single cells at relatively low
throughput, but throughput can be improved through testing multiple cells in tandem
[25,27]. This technique uses a 4 electrode geometry to generate the rotating electric field
and requires an experienced lab technician to precisely position the cell equidistance from
each electrode.
Impedance based flow utilizes the theoretical relationship between the impedance
of a particle passing through two parallel plate electrodes and the frequency of the applied
electric field to estimate a cell electric properties. This technique offers the highest
throughput but inconsistent cell positioning and lack of close contact between the cell and
electrodes can lead questions the reliability of the estimations produced [25].

1.4

Multishell Model of the Cell
Section 1.3.3 described three different techniques for measuring a cells electric

properties. Common to each of the three techniques is the utilization of the relationship
between experimentally measured data and known theory to estimate the electric properties
of a cell. Due to the vast complexity of cells, theoretical models describing different
electrokinetic phenomena rely on simplified models of the cell. One such model is the
multishell model. The multishell model assumes the cell to be spherical and its organelles
to be concentric spherical layers surrounding the cell interior [28–30]. By assuming a cell
to be spherical in nature and its organelles to be concentric spherical layers we are able to
mathematically reduce a cell with multiple components into a single spherical entity with
effective properties that represent the contributions of each layer. A visual representation
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of a multishell model with N number of shells is shown below in figure 3.1. The schematic
of the cell is for illustrative purposes only and is not morphologically accurate.

Figure 1.1 displays a visual representation of the multishell model of the cell. This visual representation of
the model shows how a non-spherical inhomogenous cell is approximated as a homogeneous sphere. This
approximation is facilitated through representing a cell an its’ organelles as concentric spherical layers. The
innermost sphere is representative of the cell interior and the surrounding layers represent different cellular
organelles. Properties can be combined mathematically (equation 3.4-3.6) to determine effective properties
representing the entire cell.

By assuming the general case of a cell with N concentric layers (Figure 3.1), the
effective complex permittivity for the entire cell can be calculated using the iterative
process outlined in equations 1.1-3.3 [28–30]. This process starts by using equation 1.1 to
combine the permittivity of the cell interior with the permittivity of the first surrounding
∗
layer to form; 𝜀1,𝑒𝑓𝑓
, an effective permittivity that accounts for the material properties of

both the cell interior and the first surrounding layer. Equations 1.2 and 1.3 show how this
mathematical process is iterative and repeated N times until the cell is reduced to a
∗
homogeneous spherical particle represented by a single complex permittivity, 𝜀𝑝,𝑒𝑓𝑓
.

𝑟

∗
𝜀1,𝑒𝑓𝑓

=

3

𝜀∗ −𝜀∗

( 2) +2 ∗1 2∗
𝜀 +2𝜀
∗ 𝑟1
𝜀2 𝑟2 3 𝜀∗11−𝜀∗2 2
( ) − ∗
∗
𝑟1

(1.1)

𝜀1 +2𝜀2
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∗

∗
𝜀2,𝑒𝑓𝑓
= 𝜀3∗

∗

𝜀1,𝑒𝑓𝑓−𝜀3
𝑟 3
( 3) +2 ∗
∗
𝑟2

𝑟
( 3)
𝑟2

3

𝜀1,𝑒𝑓𝑓+2𝜀3
𝜀∗1,𝑒𝑓𝑓 −𝜀∗3
− ∗
𝜀1,𝑒𝑓𝑓 +2𝜀∗3

∗

3

∗
∗
𝜀𝑝,𝑒𝑓𝑓
= 𝜀𝑁,𝑒𝑓𝑓

(1.2)

∗

𝜀𝑁−1,𝑒𝑓𝑓 −𝜀𝑁+1
𝑟
( 𝑁+1 ) +2 ∗
∗
𝑟𝑁

3

𝑟
( 𝑁+1)
𝑟𝑁

𝜀𝑁−1,𝑒𝑓𝑓+2𝜀𝑁+1
𝜀∗𝑁−1,𝑒𝑓𝑓 −𝜀∗𝑁+1
− ∗
𝜀𝑁−1,𝑒𝑓𝑓 +2𝜀∗𝑁+1

(1.3)

∗
We now have an expression derived for a single effective complex permittivity, 𝜀𝑝,𝑒𝑓𝑓
, that

represents the properties of the entire cell, one of the governing equations for chapter 4 of
this dissertation. A vastly similar iterative mathematical process can be used to
approximate an effective conductivity. The expressions for the effective properties can be
paired with theoretical expressions describing the electrokinetic motion of a cell to estimate
the inherent electrical properties.

1.5

Electrokinetic Responses of a Cell
Both biological materials and their surrounding media are composed of charged

molecules and atoms that can create a charged separated state known as a dipole. Although
net neutral in charge, a dipole has a positively charged region and a negatively charged
region. A dipole may be permanent referring to those that naturally exist or induced through
the presence of an electric field. These dipoles can lead to an observed electrokinetic
response by the cell.
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The electrokinetic response of a cell is a broad term and may refer to a multitude of
different electrokinetic domains that describe the modes of motion observed by a cell in
response to an electric field. Electric fields can vary in bias, magnitude, frequency, current,
and waveform leading to different observed phenomena [31]. This section briefly reviews
a few of the observed regimes and modes of mobility resulting from the interactions
between a cell and fluid in the presence of an electrical field.
1.5.1

Electroosmosis
The presence of an electrical stimulus on an ionic fluid results in the formation of

an electric double layer. If the tangential component of the electric double layer is present
the ions within the fluid will move in response to the field. Equation 1.4 is HemholtzSmoluchowski relation used to calculate the velocity of the ions where ԑ is the permittivity
of the media, 𝜁 is the voltage drop of the electric double layer, 𝐸𝑡 is the tangential electric
field, and 𝜂 is the fluid viscosity [31]. The velocity of the ions, 𝑣𝑠𝑙𝑖𝑝 , is termed the slip
velocity and occurs at the boundary of the electric double layer and the fluid resulting in
an overall fluid flow.
𝑣𝑠𝑙𝑖𝑝 =

ԑ𝜁𝐸𝑡

(1.4)

𝜂

Traditional Electroosmotic flow is employed with the use of a DC bias however
more recent studies have induced osmotic flow under an AC bias [32]. In AC
electroosmosis the charge at the surface of the electric double layer reverses polarity and
results in steady state motion of the ions near the double layer inducing the fluid flow. AC
electroosmosis is frequency dependent and typically occurs at low frequencies. Above the
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critical frequency voltage drop across the double layer approaches zero resulting in zero
slip velocity.
1.5.2

Electrothermal Effects
Local joule heating can also occur in the presence of an electric field in a

conductive media. This local joule heating will create gradients in the conductivity and
permittivity of the media. Gradients in the electrical properties of the media, in turn, will
change the gradient of the electric field distribution in the system [31]. The abnormal
electric field gradients will create a body force on the liquid causing the cells to flow
electrothermally. Additionally, in the presence of this electrically induced temperature
gradient buoyancy effects will begin to occur. This occurs because localized regions of
high temperature will cause fluctuations in the fluid density which under the influence of
gravity will cause fluid flow. Typically, the fluctuations in fluid density within a system
are small enough to ignore the effects of buoyancy.
1.5.3

Electrorotation
Electrorotation utilizes a nonuniform rotating electric field to induce a dipole within

a cell. A rotating electric field is generated through the use of 4 equidistant electrodes that
apply an AC electric field of variable phase (typically by 90°). The varying phase creates
a rotating field that exerts a net torque on the cell. The net torque is a result of the induced
dipole attempting rotate with the field, but always lagging by some phase factor. The
electrokinetic response, termed electrorotation, can be observed through the continuous
rotation of a particle or cell in the presence of a rotating field [32].
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1.5.4

Dielectrophoresis
Dielectrophoresis (DEP) is similar to electrorotation in the fact that a nonuniform

electric field is used to induce a dipole within the cell [1–8]. In this case the nonuniform
field results in a lateral motion either towards or away from the region of highest electric
field gradient. The direction of the movement is dependent on the relationship between the
complex permittivity of the cell and the media. If the complex permittivity of the particle
is higher than the complex permittivity of the media the cell will move towards regions of
highest electric field gradient, and vice versa. The lateral motion observed by a cell in the
presence of an nonuniform electric field results in the electrokinetic response known as
dielectrophoresis or DEP.

1.6

Dielectrophoresis
The work presented in this dissertation will focus on expanding our understanding

on a single electrokinetic domain; Dielectrophoresis (DEP). Although the importance of
studying every electrokinetic domain is recognized, dielectrophoresis was selected for
multiple reasons. DEP is a proven and reliable technique for the manipulation, separation,
and enrichment of many microorganisms including but certainly not limited to bacteria,
DNA and bloodborne pathogens [1–8]. DEP is a noncontact, noninvasive technique that
would pose low patient risk with regards to diagnosis. The versatility in the
microorganisms that exhibit a DEP response and its proven ability to separate cells are a
promising characteristics that can be exploited for the development of a novel diagnostic
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tool. Secondly, our lab has extensive experience and history surrounding the field of DEP
providing the resources and expertise helpful for the development of experimental
platforms, protocols and analyses. Specifically, this dissertation focuses on developing a
novel DEP characterization technique that’s thought to be applicable for the development
of a novel diagnostic tool as well as measuring a cells inherent electric properties.
Dielectrophoresis (DEP), was described briefly in section 1.5.4. This section
provides a more detailed description of the fundamental theory of DEP adapted from
Pethig’s, Dielectrophoresis- Status of theory, technology and applications [33].
Dielectrophoresis, or the motion of particles in the presence of a nonuniform
electric field was first termed by Herbert Pohl in 1951 based on his observed motion of
suspended particles in divergent electric fields [34]. He later described the time averaged
DEP force acting on a spherical particle as,
𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚 𝑟 3 𝐶𝑀|∇𝐸2 |,

(1.5)

where 𝜀𝑚 is the absolute permittivity of the surrounding media, 𝑟 is the particle radius, 𝐶𝑀
is the Clausius Mossotti factor, and ∇𝐸 is the gradient of the electric field.
𝜀𝑝 −𝜀𝑚

𝐶𝑀∗ = [𝜀

𝑝 +2𝜀𝑚

(1.6)

]

The Clausius Mossotti factor described in equation 1.6, is a term used to describe the
relative polarizability of a particle relative to its media. The Clausius Mosotti relation is
named after an Italian physicist for his work in analyzing the dielectric constants of two
different media [35].
The time averaged DEP force in equation 1.5 was derived by Pohl under the three
assumptions;
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1. The particle is a homogeneous dielectric sphere of radius 𝑟 and absolute
permittivity 𝜀𝑝 that exhibits no conductive losses and carries no net charge.
2. The particles induced polarization is assumed to take the form of a simple dipole
moment that does not account for the nonuniformity of the applied electric field.
3. The particle is submerged in a dielectric media of permittivity 𝜀𝑚 that has an infinite
extent such that the particle is not perturbed by the presence of any boundary.
Living organisms and their media are naturally electrically conductive.

In the presence of an AC electric fields the existence of conductive losses needs to
be accounted for. These conductive losses are accounted for through the use of a complex
permittivity, 𝜀 ∗ , or conductivity 𝜎 ∗ . The complex permittivity and conductivity of a particle
and media take similar forms described by equation 1.7 and 1.8,
𝜎

𝜀∗ = 𝜀 − 𝑗 𝜔

(1.7)

𝜎 ∗ = 𝜎 − 𝑗𝜔𝜀

(1.8)

where 𝑗 is the imaginary unit vector, 𝜔 is the angular frequency of the applied electric field,
𝜀 is the absolute permittivity of either the particle or media, and 𝜎 is the conductivity of
either the particle or media. The Clausius Mossotti factor accounting for the presence of
conductive losses will instead take either of the two forms shown in equation 1.9 and 1.10
depending on which current element is dominant.
∗ −𝜀∗
𝜀𝑝
𝑚

(1.9)

𝐶𝑀∗ = [𝜀∗ −2𝜀∗ ]
𝑝

𝑚

∗
𝜎𝑝∗ −𝜎𝑚

(1.10)

𝐶𝑀∗ = [𝜎∗ +𝜎∗ ]
𝑝

𝑚
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The total current within the particle is considered to be comprised of two elements
one part due to the field induced movement of free charges and the other due to the field
induced perturbation of bound charges [33]. At low frequencies the current is dominated
by the conduction of free charges while at high frequencies the dielectric displacement
current due to the movement of bound charges dominates. Applying this to the movement
of a particle, at low frequencies the particle movement will be dominated by the conductive
properties of the cell and its’ media while at high frequencies the permittivity properties
will dominate. The resulting time averaged DEP force acting on a homogeneous spherical
particle with conductive losses (AC fields) can thus be expressed as,
∗ −𝜀∗
𝜀𝑝
𝑚

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚 𝑟 3 𝑅𝑒 [𝜀∗ −2𝜀∗ ] |∇𝐸2 |,
𝑝

(1.11)

𝑚

where the complex permittivity of the particle and media takes the form of equations 1.12
and 1.13.
𝜀𝑝∗ = 𝜀𝑝 − 𝑗

𝜎𝑝

(1.12)

𝜔

∗
𝜀𝑚
= 𝜀𝑚 − 𝑗

𝜎𝑚

(1.13)

𝜔

The multishell model was used to geometrically simplify the cell to a homogeneous sphere
with effective properties and applied to equation 3.11 in order to calculate the DEP
response of microorganisms with a nonhomogeneous morphology. This modified DEP
equation is shown in equation 1.14.
∗
∗
𝜀𝑝,𝑒𝑓𝑓
−𝜀𝑚

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚 𝑟 3 𝑅𝑒 [𝜀∗

∗
𝑝,𝑒𝑓𝑓 −2𝜀𝑚

] |∇𝐸2 |
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(1.14)

Keep in mind this complex effective permittivity is a function of the conductivity and
permittivity for all layers in your multishell model where the complex permittivity for a
single given layer, N, is shown by equation 1.15.
𝜎

(1.15)

𝜀𝑁∗ = 𝜀𝑁 − 𝑗 ( 𝜔𝑁 )

Equation 1.14 is another one of the governing equation of this work. All experimental and
theoretical characterizations assume the observed electrokinetic response to be governed
by the theoretical expression for DEP force presented in equation 1.14.

1.7

Contributions and Overview of Chapters
The first contribution of this paper is the development of a Light-Induced

Dielectrophoresis (LiDEP) platform. Although this platform is not a novel technology, to
the authors’ best knowledge no platform like this existed in Clemson University or the
greater southeast region of the United States before his fabrication of such a device in 2016.
Secondly, presented here is the development of a novel technique that utilizes the LiDEP
platform for the electrical characterization of multiple single cells simultaneously in order
to measure their electrical properties. This novel technique was utilized to characterize the
experimental DEP response of Saccharomyces cerevisiae, Candida albicans, Candida
parapsilosis, Candida glabrata and Candida tropicalis. Five different analytical models of
the cell were investigated to determine the effect of the analytical model on the estimation
of a cell’s electric properties. A characterization of this magnitude is novel for multiple
reasons. First, Candida spp. are some of the most prevalent fungal pathogens in hospitals
around the world. The characterization of the electrical properties of these 4 spp. of
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Candida to this extent has never been done before. Secondly, the characterization of an
observed experimental DEP response with this many alternative analytical models is first
characterization of its kind. Characterizing the same experimental DEP response with
multiple analytical models provides a greater understanding behind implications of using
a given model for cell characterization. Lastly the author presents his earlier work with
titanium electrodes. A novel technique is presented for the enrichment of Trypanosoma
brucei in selective locations. T. brucei is a vector-borne, neglected, tropical disease
endemic to rural, sub-saharan Africa. The rapid enrichment of T. brucei in specific
locations is expected to lead to more a rapid and timely diagnosis for a disease where early
diagnosis has importance.
Chapter 2 of this dissertation presents the development of the LiDEP platform. This
chapter presents the fabrication process and early experiments and simulations performed
to develop the authors understanding of his device. Chapter 3 is meant to validate the
authors novel electrical characterization technique. In this chapter the authors LiDEP
platform is utilized to experimentally characterize the DEP response of Saccharomyces
cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata and Candida
tropicalis. Statistical analyses are performed to asses the use of this characterization
technique as a diagnostic tool. In chapter 4 the 3-shell analytical model of the cell is used
to obtain a theoretical expression that describes the experimentally observed DEP response
for each cell. The electrical properties of this cell are estimated and tabulated for
comparison. Chapter 5 performs a similar characterization for all aforementioned cells, but
with 4 new analytical models. Rather than comparing the electrical properties of each cell,
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the focus of chapter 4 is discussing the observed trends in a given model. Four different
analytical models are presented in this chapter and the implications of using each model
are discussed. Chapter 6 presents a novel technique that uses titanium electrodes to enrich
Trypanosoma brucei in selective locations.

1.8

Contributions to Conferences and Peer-Reviewed Publications
Currently I have 4 papers in peer reviewed journals and one peer reviewed

conference paper [36–40]. Additionally, I have given 3 conference poster presentations and
2 oral presentations [41–45]. Chapter 5 contains the work that was published in [40]. The
results of Chapter 3 and Chapter 4 are intended to result in the publication of an additional
two journal papers. These papers are still in progress.
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Chapter 2

LiDEP Platform Development
The first contribution of this dissertation is the development of a Light-Induced
Dielectrophoresis (LiDEP) platform. Although this platform is not a novel technology, to
the author’s best knowledge no platform like this existed in Clemson University or the
greater southeast region of the United States before his fabrication of such a device in 2016.
In the early stages of this work much time was spent studying existing LiDEP platforms
and attempting to develop a platform similar to what was found in literature. This chapter
presents the early experiments involved in the progression and development of the LiDEP
platform as well as some background on light induced dielectrophoresis (LiDEP).

2.1

State of the Art
LiDEP is described by a few different terms. It is also referred to as optically

induced dielectrophoresis (ODEP) or image based dielectrophoresis (iDEP). LiDEP differs
from conventional DEP only through the mechanism in which an electric field is generated.
LiDEP utilizes a photoconductive material and incident light to create a virtual electrode
that takes a geometry identical to the pattern of light that is projected onto the
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photoconductive substrate. This virtual electrode generates a nonuniform electric field
similar to what is produced from traditional electrodes.
LiDEP was first described by Chiou in 2003 with the successful manipulation of
25 𝞵m polystyrene beads and E. coli bacteria [46]. Shortly after, their work continued by
demonstrating the manipulation of single 4.5𝞵m polystyrene beads and the ability to
distinguish between live and dead human B cells [47]. Since 2005 many groups have
continued this work reporting the use of LiDEP for the high purity manipulation and
isolation of circulating tumor cells (CTCs), the manipulation of HeLa and Jurkat cells in
high conductivity media, and the manipulation of white blood cells, red blood cells, yeast,
and nanowires [48–53].
LiDEP has become an attractive manipulation tool for a multitude of reasons. It is
a noncontact noninvasive, technique that offers the flexibility of trapping, transporting or
isolating cells through static or mobile light patterns that facilitate the control of a
nonuniform electric field. The ability to continually change the geometry and location of
these light patterns provides a huge advantage over traditional electrokinetic manipulation
techniques through allowing continuous control of the electrical fields in both space and
time. Traditional electrokinetic techniques such as dielectrophoresis, electrophoresis,
traveling wave dielectrophoresis, insulating dielectrophoresis, electroosmosis, and
electrorotation typically function off the use of permanent electrodes that cannot change in
geometry or location which severely limits the control of the electric field produced.
LiDEP is often compared to the use of Optical tweezers due to their similar ability
of manipulating cells with a light source, however LiDEP has the added advantage of
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producing forces equivalent to or greater than Optical tweezers with a much lower power
light source. This is due to the fact that LiDEP utilizes the light as the enabling tool for
creating and controlling a nonuniform electric field that in turn manipulates the cells, where
as optical tweezers utilizes light directly as the mode of manipulation. Manipulation of
cells with LiDEP has been reported at optical intensities 100,000 times lower than the
intensity required for optical tweezers allowing the light patterns to be projected over an
area 500 times greater than optical tweezers [48].
The lower light intensities required allow light patterns to be designed and projected
with a DLP projector coupled with any image or movie design software as opposed to a
high intensity laser. A number of groups have reported the use of projector based platforms
for the creation of their light patterns [47,49,50]. The next section includes key details
required to develop such a platform.

2.2

Platform Fabrication
A visual representation side by side to an actual image of the LiDEP platform used

in this dissertation is displayed in figure 2.1. Within figure 2.1 the important features to
notice are the light source and the photoconductive electrode configuration.
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Figure 2.1: This figure displays a visual representation side by side to the actual experimental platform. The
creation of a functioning LiDEP platform relied on the integration of a light source and photoconductive
electrodes. Important to note is the material composition of the photoconductive substrate. Amorphous
silicon (a-Si) exhibits photoconductive properties, enabling the creation of a virtual electrode through
projected light patterns. The light source that enabled the projection of microscale patterns was a modified
InFocus IN24 DLP movie projector. Complete fabrication details for both the light source and electrodes are
detailed in section 2.2.

In figure 2.1, the use of a DLP projector based light source can be observed. Specifically,
an InFocus IN24 DLP projector was utilized. Not obvious, in figure 2.1 are the
modifications that needed to be made to the projector to facilitate the use of an objective
lese to project microscale images. Figure 2.2 attempts to illustrate the key modification to
enable projection on a microscale. The primary goal of modifying the IN24 DLP projector
was to remove the traditional magnification lens and replace the lens with a microscope
lens that supports the projection of microscale images. In order for this modification to be
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completed, the outer encasement of the projector was removed to gain access to the internal
components.

Figure 2.2: This figure highlights details relevant to the modification of the light source. The projector was
disassembled to remove the magnifying lens and mount an objective lens. (A) First the magnifying lens was
removed and replaced with a threaded ring. (B) Next, A Nikon 40x LWD Plan Infinity Objective lens with a
Working Distance of 3.71 and Numerical Aperture of 0.60 was mounted to the threaded ring. (C) Finally, the
projector was reassembled completing the modification

In Figure 2.2B you can see the location where the magnification lens used to be, marked
by the location of where the new objective lens is currently mounted. The magnification
lens was removed and replaced with the threaded ring visible in figure 2.2A. The threaded
ring was purchased from Thorlabs and contains threads on both the outer diameter and
inner diameter of the ring. The outer diameter of the threaded ring was purchased such that
it was a slightly larger in diameter compared to the original bracket that held the old
magnifying lens in place. This allowed the threads on the outer diameter of the ring to be
used to fasten the ring to the plastic bracket that held the original projection lens. The
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threads on the inner diameter of the threaded ring were purchased to match the threads of
the new objective lens such that the objective lens could be mounted to the projector. The
use of threads to mount the objective lens facilitates easy lens removal and replacement
when the use of different magnifications are desired. Although we were able to recycle the
bracket of the original magnifying lens, if this bracket is damaged or unusable after the
disassembly of the projector, it would be easy to machine or 3D print a custom bracket.
The objective lens that facilitated the projection of microscale images for our platform was
a Nikon 40x LWD Plan Infinity Objective lens with a Working Distance of 3.71 and
Numerical Aperture of 0.60.
Figure 2.1 also highlights the material composition and structure of the
photoconductive electrode configuration. The top ITO electrode is solely composed of ITO
and was fabricated on a fused silica substrate using a PVD75 RF sputterer that resulted in
the deposition of a 100nm layer of ITO. ITO was chosen for our top electrode because of
its transparency such that an upright microscope could be utilized to visualize the sample
between the planar electrodes. The bottom electrode provided the photoconductive
properties needed for LiDEP. Figure 2.1 displays the multilayer design of the bottom
electrode that enabled its’ photoconductive properties. Similar to the top electrode, the
fabrication process for the bottom electrode began with a PVD75 RF Sputterer deposition
of a 100nm layer of indium tin oxide (ITO) onto a fused silica wafer. Next, a Unaxis
PECVD machine was used to deposit 1 𝞵m of amorphous silicon (a-Si) on top of the ITO
layer. Amorphous silicon (a-Si) exhibits photoconductive properties, enabling the use of
light to generate an electric field. Lastly, an Oxford PECVD PlasmaLab 80 plus machine
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was utilized to deposit a 10nm protective layer of Silicon Nitride (SiN) on top of the a-Si
layer. Indium solder was used to wire the top and bottom electrodes to female BNC adapter.
This adapter facilitates the use of a BNC cord for the connection of our device to any
standard voltage generator for application of an electric field.

2.3

Platform Characterization and Early Experimental Work
This section presents early experimental work with this platform. Experiments in

this section are presented in chronological order. As experiments progress you will notice
improved resolution within the platform. This improved resolution was a result of my
learning how to use the platform in practice as well as physical alterations made to
eliminate vibrations and improve the alignment and levelness between the lens and the
photoconductive substrate. By the end of this section it should be clear that a fully
functional LiDEP platform was fabricated with the resolution of manipulating single cells.
2.3.1

Cell Culture and Sample Preparation
Experiments in this section report the use of Saccharomyces cerevisiae, Candida

albicans (ATCC 18804), Candida glabrata (ATCC2001). The scientific and clinical
relevance of these cells will be discussed in chapter 3. The focus of this chapter is on the
platform. All experiments presented in this section followed similar culturing and sample
preparation protocols. The protocols were as follows:
All cells were cultured in dynamic conditions at 37 ⁰C and 215 rpm in yeast malt
broth (YMB) and passed twice a week to maintain a healthy culture. To prepare the
experimental sample, 50 µl of 3-day old cell culture were mixed with 2.5 ml of an
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optimized DEP buffer solution composed of 8.6 wt% sucrose, 0.3 wt% dextrose and 0.1
wt% bovine serum albumin to achieve a concentration of around 10 5 cells/ml. The
electrical conductivity of this DEP buffer solution was 0.002 S/m. Cells were then pelleted
through centrifugation at 5000 rpm for 5 minutes and then resuspended into fresh DEP
buffer solution. This centrifugation and re-suspension protocol were repeated three times
to ensure complete removal of any remaining YMB culture media.
2.3.1 General Experimental Methodology
All experiments utilized a BK Precision 4040B voltage generator to apply and AC
electrical stimuli across the parallel electrodes. All experiments in this section were
performed under an electrical stimuli with an applied voltage of 10𝑉𝑝𝑝 and a frequency of
250 kHz. This voltage and frequency were chosen based on the observation of a strong
electrokinetic response from the cells of interest. Parafin wax with a thickness of 1µm was
used as a spacer between the parallel electrodes to prevent the setup from short circuiting
and to provide a seal for the experimental sample. Unless otherwise specified in the results,
the platform characterizations were performed with Candida albicans. The use of Candida
albicans was chosen for the fact that they were readily available in our lab. Their clinical
relevance will be discussed in greater detail in chapter 3. The DEP response for all
characterizations presented in this section were measured based on cell velocity. A higher
cell velocity is indicative of a stronger DEP force. All cell velocities were measured frame
by frame using the open source software ImageJ and the plugin MtrackJ.
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2.3.3 Experimental Results
Several experiments were performed to investigate how different variables affected
the DEP response of the cell. The variables investigated included the shape of the projected
image and the color of the projected image. The results of a more advance study are
presented at the end illustrating the precise manipulation of single cells and how the
average velocity of a single cell can be precisely controlled by its distance from the
electrode.
Effect of Electrode Shape on DEP response
This section presents the very first study performed with my LiDEP platform that
looks at the effect of shape on the DEP response of a cell. The shapes investigated were a
triangle, square, and star. All experiments were performed at the same electrical stimuli,
one known to exhibit a positive dielectric response on the cell. It was hypothesized that for
each shape, cells would exhibit a stronger attractive DEP force to the vertex of the shape
when compared to the edge. It was also hypothesized that a vertex of smaller angle would
result in a stronger attractive DEP response to be observed by cells moving at the fastest
velocity to vertices of smaller angles. The velocity of attraction to the inner vertex of the
triangle was also measured. Figure 2.3 presents the results of this study.
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Figure 2.3 displays the results characterizing the effect of the electrode geometry on cell velocity. In the
figure, images of the projected electrode geometry are displayed side by side to box and whisker plots of the
average cell velocities for that geometry (N >30). For each electrode geometry, the cell velocity was
characterized for two regions of interest. The regions of interest are displayed for each geometry,
accompanied by an illustrative trajectory for a single cell towards a given region. Plots comparing the average
observed velocity of a cell towards different regions of interest are displayed.
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Analyzing figure 2.3 it can be observed that for all shapes the velocity of attraction
of a cell is greatest towards the vertex when compared to its edge. The strength of the DEP
force is known to be a function of the gradient of the electric field. The gradient of an
electric field is known to be strongest at the corners of an electrode. Contrary to what we
expected, no significant difference was observed as the vertex angle decreased. This can
be seen by similar cell velocities for the vertex of all shapes tested. This is likely due to the
poor resolution of the platform at this point in time. In figure 2.3, you can notice the
rounded vertices of each projected image independent of the shape projected. Lastly a
stronger DEP response was observed for cells attracting to the inner vertices of the star
compared to the outer vertices of the star. Though not confirmed with simulation this is
expected to be due to the presence of a larger electric field gradient.
The observed differences in the average cell velocity towards different regions of
our projected image, illustrate the ability to tailor the strength of a cell’s DEP response
through modifying the geometry of the projected light pattern. This accredited to the fact
that the geometry of an electrode is directly correlated to the strength of the electric field
gradient. Tailoring the geometry of the electrode provides the ability to tailor the electric
field gradient which directly impacts the DEP response of the cell.
Effect of Projected Light Color on DEP response
Here the results of a study investigating the effect of the projected light color on
the DEP response of a cell are presented. Figure 2.4 presents the results for the effect of
the projected light on the DEP response of 3 different cell spp., S. cervesiae, C. glabrata,
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and C. Albicans. Please note that the y-axis for S. cerevisae is on a different scale. This
was done intentionally to better illustrate observed differences in the projected color. The
intention of this study was not to compare the strength of the DEP response of the cells and
will not be discussed any further.

Figure 2.4 provides the characterization for the effect of projected light color on cell velocity. Box and
whisker plots are used to display the experimental velocity data (N >30) for 3 different cell spp. A) S.
cerevisiae B) C. glabrata C) C. Albicans.

Analyzing figure 2.4 it can be clearly observed that there is a general trend between
the projected color of the light and the observed DEP response of cells. For all cell spp.
characterized the same general trend was observed. White light displayed the strongest
positive DEP response followed by yellow light and red light. The projected light colors of
green and blue exhibited the lowest observed DEP response for all cells.
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It is well known that photoconductive properties of a-Si vary depending on the
wavelength of light projected. The absorption spectrum for a-Si shows its ability to absorb
some wavelengths better than others. Those wavelengths of light that are better absorbed
by the a-Si would produce a substrate of higher electrical conductivity and therefore
generate a stronger electric field gradient and induce a stronger DEP response in our cells.
It was initially hypothesized that the observed trends of figure 2.4 were a result of the effect
on wavelength, however the strength of the observed DEP response for all 3 spp. of cells
did not corelate to the absorption spectrum of a-Si [54]. Revisiting the hypothesis, it is
believed that the observed response is a result of the mode in which our DLP projector,
changes color. The intensity of the projected light is directly correlated to the color of light
that was projected. Projected light white or yellow in color had a significantly higher light
intensity than the light that was red, green, or blue. For our device it was concluded that
the photoconductive properties of our electrode were more dependent on the intensity of
the projected light rather than the wavelength. This can be seen across all cells through the
highest intensity light colors producing the strongest DEP response.
The observed differences in the average cell velocity towards different colors of the
projected image, illustrate the ability to tailor the strength of a cell’s DEP response through
modifying the color of the projected light pattern. Changing the color of projected light of
the electrode provides the ability to tailor the electric properties of our electrode which
directly impacts the strength of the electric field gradient and ultimately the DEP response
of the cell.
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Population and Single Cell Patterning
This section presents two proof of concept experiments that were meant to illustrate
the capabilities of the fabricated device used for experiments in the remainder of this
dissertation. Although no specific experimental protocol was followed the images
presented here are meant to show the progression in resolution of our fabricated device
when compared to the earlier images in figure 2.3. Figure 2.5 shows the effective patterning
of a population of cells into two distinct shapes, a ring of light and the initials CU to
represent Clemson University.
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Figure 2.5 illustrates the capabilities of my LiDEP platform for the patterning of cell populations. In this
figure C. albicans are patterned to match two different projected images, a circle and the initials CU for
Clemson University.

Figure 2.5, though merely an image, illustrates the platforms ability to precisely control
and pattern population to match the geometry of the projected light source. A further
illustration of the precise ability of our platform to control cells can be seen in this
supplementary video (https://www.youtube.com/watch?v=ZKb7ItObtK8).
Figure 2.5 further illustrates the platforms ability to tailor the strength of a cell’s
DEP response through modifying the geometry of the projected light pattern. This ability
is shown through spatially controlling the location of a cell population to take form of the
projected light geometry.
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The resolution of our device was continually improved through better alignment,
improved leveling between the objective lens and photoconductive substrate, and the
elimination of vibrations until the ability to manipulate single cells was achieved (figure
2.6).

Figure 2.6 illustrates the capabilities of the LiDEP platform for the patterning of individual cells. In this
figure, individual C. albicans are shown to attract towards 8µm light dots. A video of this precise
manipulation
of
single
cells
can
be
accessed
with
the
following
link:
https://www.youtube.com/watch?v=ZKb7ItObtK8.

Figure 2.6 shows how 8µm light dots were utilized to precisely manipulate individual C.
albican cells. A video of this precise manipulation of single cells can be accessed with the
following link: https://www.youtube.com/watch?v=ZKb7ItObtK8. This figure is meant to
illustrate that the resolution of the device was improved until the resolution was refined
enough for single cell manipulation.
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Effect of Step Size on the DEP Response of Single Cells
Once the ability to manipulate single cells was achieved, experiments were
performed to characterize the strength of the DEP force as a function of the distance
between the cell and the electrode. The results of this experiment are presented in figure
2.7. Figure 2.7 reports the strength of the DEP force as a function of step size. Similar to
the experiments presented previously the strength of the DEP force is reported in terms of
the velocity of the cell where a higher velocity corresponds to a stronger DEP force. The
step size in this study represents the center to center distance between the cell and the
projected light dot. Each color on the plot indicates a different individual cell that was
studied. All experiments in this study were performed on the same cell spp. from the same
culture. Single cells of similar shape were selected for this study. No budding cells were
included.

Figure 2.7 displays the results characterizing the relationship between step size and average velocity of a
single cell. Average velocity measurements were made for 6 different individual cells across 12 different step
sizes.
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Analyzing figure 2.7 it can be observed that the velocity of an individual cell
increases with decreasing step size, up until the step size of the light dot is smaller than the
diameter of the cell. This is as expected. The strength of the DEP force is a function of the
electric field gradient and the gradient of the electric field is strongest at the edges of the
electrode. The highest electric field gradient will be observed closest to the edge of the
virtual electrode and therefore the cell will move at the highest velocity when trailing this
edge. In addition, this experiment here shows that deviation exists in the DEP response of
similar cells from the same culture. The average duration of a single experiment for one
given cell was a matter of seconds, so the time of the experiment is not expected to
contribute to the variation in DEP response. This observed deviation is likely due to slight
differences in the diameters of the cells but also may indicate slight variations in the electric
properties between cells of the same population.
The results of this experiment provide insightful observations on the controllability
of individual cells. These experiments show how cell velocity can be tailored to a specific
magnitude based on the distance between a cell and the electrode edge. Here it is also
shown that the maximum achievable velocity for a given cell is when it is closest to the
edge of the electrode. The variation in DEP response between similar cells from the same
population is also observed. This is expected to be a difficult challenge to overcome for
precision control of cells, particularly with the intention of manipulating multiple single
cells simultaneously.
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2.4

Concluding Remarks
This chapter illustrated the successful fabrication of an LiDEP platform. Key details

were provided for the fabrication of a projector based light source and photoconductive
electrodes. The results for several experiments were presented that characterized the effect
of different variables on the DEP force. The ability to tailor the DEP response of a cell
through using different electrode geometries and projected light colors was demonstrated.
The effect on the distance between a single cell and the electrode edge was studied and
showed that the highest achievable velocity for a cell is obtained when it is closest to the
electrode edge.
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Chapter 3

LiDEP for Diagnostics
The vast complexity and highly organized structure of the cell is hypothesized to
provide a unique electrokinetic response for cell species, even for those of the same genus.
Common to all diagnostic tools is the principle of gathering data or information to make a
disease or condition uniquely identifiable to some confidence level. In a field dominated
by risk assessment, diagnostics could greatly benefit from the use of electric
characterization tools. Electric field based diagnostic tools are low risk to the patient, offer
high throughputs, and are versatile in the diseases they can diagnose [10–16].
Chapter 3 presents a novel technique for characterizing the electrokinetic response
of multiple single cells simultaneously. LiDEP was used to induce an electrokinetic
response for 4 different spp. of Candida and S. cerevisiae. The DEP responses for all these
cell spp. were individually characterized and the measurable differences between them
were recognized towards progressing the use of this technique in the field of diagnostics.

3.1

Cells of Interest
Candida spp. are one of the most prevalent fungal pathogens in hospitals around

the world. In the United States alone, 5-10% of hospitalized patients will acquire a
nosocomial infection and 80% of such infections are caused by Candida spp. [55]. As early
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as 1995, Candida spp. became recognized as the fourth most common cause of nosocomial
bloodstream infections in the United States, and most recently reported as the 3rd most
common cause of nosocomial bloodstream infections in the intensive care unit (ICU) [56].
Concerningly, nosocomial bloodstream infections from Candida have a crude mortality
rate of 39% overall, and this figure can be as high as 47% for patients infected in the ICU
[56]. More than 17 different Candida spp. have been identified as responsible for invasive
candidiasis (IC), an umbrella term referring to various severe diseases resulting from
Candida infection [57]. While C. albicans remain the most frequently isolated Candida
spp. from infected blood [58], the incidence of the infections caused by other spp. has
increased significantly worldwide. For example, a survey in European countries showed
that around 50% infection was caused by Candida albicans, whereas incidence rates were
14 % for each Candida glabrata and Candida parapsilosis, 7 % for Candida tropicalis and
2 % for Candida krusei [59]. In Chile, the most frequently isolated non-albicans species
was Candida parapsilosis, followed by Candida tropicalis and Candida glabrata [60]. The
emergence of non-albicans species as pathogens is concerning because many of them do
not respond to conventional anti-fungal therapy, which are generally targeted for Candida
albicans. For example, Candida tropicalis is less susceptible to fluconazole, a common
anti-fungal medication, when compared to Candida albicans [61]. For this work, the DEP
response was characterized for four spp. of Candida; Candida albicans, Candida
parapsilosis, Candida glabrata and Candida tropicalis.
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Saccharomyces cerevisiae was also characterized. This was a strategic choice due
to the fact that it is a model eukaryote and one of the most electrokinetically characterized
cells. S. cerevisiae being a model eukaryote provides extensive characterization of its’
morphology and vast amounts of knowledge surrounding the internal structure of the cell
and its’ organelles. Additionally, its popularity provides extensive literature to compare
the results of this dissertation.

3.2

Experimental Methodology
This section entails a description of the experimental methods used to characterize

a cells DEP response.
3.2.1

Cell Culture and Sample Preparation
Saccharomyces cerevisiae, Candida albicans (ATCC 18804), Candida glabrata

(ATCC2001), Candida parapsilosis (ATCC22019), and Candida tropicalis (ATCC750)
were cultured in dynamic conditions at 37 ⁰C and 215 rpm in yeast malt broth (YMB) and
passed twice a week to maintain a healthy culture. To prepare the sample for DEP
experiments, 25 µl of 3-day old cell culture were mixed with 2.5 ml of an optimized DEP
buffer solution composed of 8.6 wt% sucrose, 0.3 wt% dextrose and 0.1 wt% bovine serum
albumin to achieve a concentration of around 10 4 cells/ml. The electrical conductivity of
this DEP buffer solution was 0.002 S/m. Cells were then pelleted through centrifugation at
5000 rpm for 5 minutes and then resuspended into fresh DEP buffer solution. This
centrifugation and re-suspension protocol were repeated three times to ensure complete
removal of any remaining YMB culture media.
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3.2.2

Cell Velocity Measurements
The experimental protocol did not feature any flow and all experiments were done

in stationary flow conditions. Each experiment featured the following stages: (1) 10 𝞵L of
the experimental sample was injected into the microfluidic chamber of the device using a
micropipette; (2) the chamber was sealed, and the sample was allowed time to stabilize;
(3) a video recording (Andor Zyla Camera coupled to a LV100 Nikon Eclipse Microscope)
of the experiment was started (4) and after 10s The DLP projector was utilized to create a
virtual electrode of linear geometry and an AC signal of specific frequency (250 kHz–20
MHz) and magnitude (5 Vpp) was applied in order to trap cells onto the virtual electrode
(5) After another 10 seconds the virtual electrode was moved a distance of 25𝞵m while the
video recorded the cells attracting towards the electrode to become trapped once again. (6)
ImageJ software was utilized to track the movement of each individual cell frame by frame
to measure the average velocity at which each cell attracted towards the virtual electrode
[62].

Figure 3.1 shows a schematic of the experimental setup as well as a visual

representation of the steps involved in obtaining our velocity measurements.
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Figure 3.1 highlights the experimental protocol used to measure cell velocity. (1) 10 𝞵L of the experimental
sample was injected into the microfluidic chamber of the device using a micropipette and the sample was
allowed time to stabilize (2) The DLP projector was utilized to create a virtual electrode of linear geometry
and an AC signal of specific frequency (3) the virtual electrode was moved a distance of 25𝞵m while the
video recorded the cells attracting towards the electrode to become trapped once again. ImageJ software was
utilized to track the movement of each cell individual cell frame by frame in order to measure the average
velocity at which each cell attracted towards the virtual electrode.

Figure 3.1 displays the linear electrode geometry used for all characterizations. The
liner electrode geometry was chosen to evenly distribute the cell population across the line.
This reduces the cell-cell interactions and allows cells to be aligned prior to beginning any
measurements such that all velocity measurements can be made equidistance for all cells.
In addition, the linear geometry is helpful for analysis allowing the assumption that the
projected line of light is infinite in length compared to the length of the cell. This
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assumption allows us to neglect the effect of the top and bottom edges on the electric field
gradient such that the dipole moment can be approximated by a point force acting
perpendicular to our linear electrode. This point force allows us to calculate an average
electric field gradient based on the distance from the cell to the line of light. This
approximation is justified by the fact that the projected line had a length over 1000x greater
than the diameter of a cell. This was also visually confirmed in our experimental videos
through the cells moving in a linear path perpendicular to the electrode edge. A minimum
of 20 cells were considered for each frequency tested.

3.2.3

Calculating DEP Force from Measured Cell Velocities
From the measured cell velocities the DEP force acting on an individual cell can be

approximated using Stokes drag equation. Stokes flow has the inherent assumption that the
Reynolds number is equal to zero so the assumption of stokes flow is only justified for low
Reynolds numbers that are habitually close to zero. It is well known that microorganisms
in water exhibit Reynolds numbers that satisfy this assumption [63]. The Stokes flow
assumption implies the rate at which the momentum of a low Reynolds number
microorganism is changing is completely negligible such that Newton’s law may be
simplified into a balance between external and fluid forces. Here we assume that the only
external force acting on our cell is the DEP force, 𝐹𝐷𝐸𝑃 , such that it is equal to the fluid
force, 𝐹𝐷𝑟𝑎𝑔 , shown by equation 3.1.
𝐹𝐷𝑟𝑎𝑔 = 𝐹𝐷𝐸𝑃 = 6𝜋𝜇𝑟𝑣 ,

(3.1)
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The assumption that DEP force is the only external force acting on the cell is
justified due to the fact that our characterization was performed in a low conductivity media
under low voltage AC electric stimuli in a frequency range (250kHz-20MHz) [64–68].
Using equation 3.1 the DEP force can be approximated for all velocity measurements [64–
68].

3.3

Analytical Methodology
Though the DEP characterizations on their own merit value, for this platform to be

used as a diagnostic tool, it will rely on the ability to measure differences in a cells DEP
response. This requires the DEP response of the cell to be unique to a measurable or
detectable level. A multifactor ANOVA Statistical analysis was used to analyze the
observed DEP response of each cell spp. to confirm the presence of significant differences.
An error propagation analysis was performed to recognize the existence of measurement
error and determine the smallest measurable difference.
3.3.1

Multifactor Analysis of Variance (ANOVA)
A multifactor ANOVA test is a statistical method of determining whether the

response of three or more populations linked by multiple factors are statistically different
from each other. Here, Minitab running on a DELL XPS 15 with an intel Core i7-6700HQ
CPU and 16 GB of RAM was utilized to perform a multifactor ANOVA test to determine
if a statistically significant difference exists between the experimental DEP response of the
5 different cell spp. across the entire frequency range to a 95% confidence level (𝛼 =
0.05). The presence of statistically significant differences between the DEP responses of
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cell spp. was recognized through the calculation of a p-value. A p-value less than 𝛼 = 0.05,
results in the rejection of the null hypothesis to a 95% confidence level. The null hypothesis
assumed that all cell spp. displayed the same DEP response across the broad frequency
range tested. The ANOVA test has several underlying assumptions. Prior to performing
the ANOVA test the experimental residuals were checked to meet the underlying
assumptions; homoscedasticity, normal distribution, and independence.
An ANOVA test is used to determine if there is a significant difference between
three or more means, while a Tukey is performed to see exactly where the significant
differences lie. Minitab running on a DELL XPS 15 with an intel Core i7-6700HQ CPU
and 16 GB of RAM was utilized to perform a Tukey test in order to identify specifically
which cell spp. displayed significant differences.
3.3.2

Methods for Evaluating Measurement Statistics
The electrical characterization technique used throughout this dissertation relies on

the use of cell velocity measurements to approximate the DEP response of a cell. The
platform’s ability to approximate the DEP response of a cell is directly correlated to the
accuracy in which those velocity measurements are made. An error analysis was performed
to recognize the potential presence of instrument errors within the velocity measurements.
A propagation analysis was performed to determine how these potential errors in the
measured velocity would propagate in the calculations of the experimental DEP force. The
results of this propagation analysis were used to estimate the smallest detectable difference
in DEP force.
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Error Analysis
All velocity measurements were made through the analysis of videos using an
ImageJ plugin, MtrackJ. MtrackJ is used to plot the trajectory of the cells frame by frame
to obtain a velocity. It is important recognize that velocity is not directly measured but
rather relies on two separate measurements of distance and time. Analyzing the plugin
MtrackJ you can find that distance measurements are made based on the number and size
of the pixels within the videos and time is measured based on the number of passing frames.
Understanding the mechanisms in which ImageJ makes its’ measurements it becomes
apparent that the resolution of the measurements are dependent on the quality of the camera
used, particularly the image resolution and frame rate. Here an Andor Zyla high speed
camera was used to take all videos. The resolution of the distance measurement is related
to the image resolution of the videos, which for our case is the dimension of a single pixel
square in geometry; 0.30𝜇𝑚 × 0.30𝜇𝑚. This tells us that our device cannot recognize
distances smaller than the capabilities of the camera which correlates to a length of
0.30𝜇𝑚. In terms of error analysis, for a given distance measurement we expect a potential
1

instrument uncertainty of ± (2) 0.30𝜇𝑚. This uncertainty will be termed, 𝑢𝑑 , and used to
recognize that distance measurements have the potential to exist in between what is
measurable by a single pixel size. Similarly, the resolution of the time measurements is
related to the frame rate of the videos which in our case is the time of a single passing
frame; 0.05s. The resolution of the time measurements of our platform are directly
correlated to the frame rate of the camera which was 0.05s/frame. This tells us that our
device cannot recognize time values smaller than 0.05s. In terms of error analysis, for a
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1

given time measurement we expect a potential instrument uncertainty of ± (2) 0.05𝑠. This
uncertainty will be termed, 𝑢𝑡 , and used to recognize that time measurements have the
potential to exist in between what is measurable by a single frame.
Error Propagation
This section presents a propagation analysis to understand how potential error and
uncertainties in the measurements of velocity would propagate in the calculation of the
DEP force. Revisiting equation 3.1 and recognizing the presence of a distance, d, and time,
t, as opposed to a velocity, v, we can form equation 3.2.
𝐹𝐷𝐸𝑃 = 6𝜋𝜇𝑟

𝑑

(3.3)

𝑡

We can then recognize that any errors in the measurements of distance or time would
propagate within the calculation of the DEP force. The error propagation due to
measurements of distance and time (𝜃𝑑 , 𝜃𝑡 ) can be accounted for by taking the partial
derivatives of the DEP force with respect to distance and time shown in equations 3.3 and
3.4.
𝜃𝑑 =
𝜃𝑡 =

𝜕𝐹𝐷𝐸𝑃
𝜕𝑑
𝜕𝐹𝐷𝐸𝑃
𝜕𝑡

1

(3.3)

= 6𝜋𝜇𝑟 𝑡

= −6𝜋𝜇𝑟

𝑑

(3.4)

𝑡2

Looking at these propagation terms it can be noticed that any error contained within the
time measurement will be squared in the approximation of DEP force. An estimation in the
uncertainty of the measured DEP force is obtained by using root sum squared methods to
combine the uncertainty in the time and distance measurements and the effects of
propagation (equation 3.5).
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(3.5)

𝑢𝐹𝐷𝐸𝑃 = √(𝜃𝑑 𝑢𝑑 )2 + (𝜃𝑡 𝑢𝑡 )2

This analytical expression for the uncertainty of DEP force provides an estimation for the
smallest difference in DEP force we can expect to detect using the LiDEP platform in this
dissertation. This will provide insight on the capabilities of this device for detecting the
observed differences in DEP response of different Candida spp..

3.4

Results and Discussion
This section presents and discusses those results from the methodologies described

in section 3.2 and 3.3.
3.4.1

DEP Response Characterization
Figure 3.2 shows five different graphs. Each graph depicts the experimentally

measured DEP response for each of the cells tested; S. cerevisiae, Candida albicans,
Candida glabrata, Candida parapsilosis, and Candida tropicalis. All five of the graphs
are presented with identical axes to serve for easier comparison. The x-axis for each of the
cells corresponds to the frequency at which the AC voltage stimulus was applied. To
accommodate the broad frequency range of experiments the x-axis for all graphs is
presented on a log scale ranging from 105 to 108 Hz. DEP force is presented on the y-axis
in units of Newtons. Box and whisker plots are used to conveniently present the spread of
experimental data for all quartiles. The average experimental DEP force is plotted for each
frequency on all graphs in the form of a red circle and overlayed on top the box and whisker
plot. Potential outliers are recognized with a red plus mark and indicate the cell exhibited
a DEP forces 1.5 times stronger than the interquartile range.
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Figure 3.2 displays the experimentally characterized DEP response as a function of the frequency of the
applied electric field for five different cell spp. A) S. cerevisiae B) C. albicans C) C. glabrata D) C.
parapsilosis E.) C. tropicalis. Box and whisker plots were utilized to show the spread of experimental data
for each quartile. Potential outliers in a given data set are represented by a red + and signify that point is 1.5
times greater than the interquartile range. The average DEP force for each frequency was overlayed on top
the box and whisker plots and is represented as a red circle.

Analyzing Figure 3.2, many similarities can be recognized by simple observation.
Firstly, it can be noted that all characterizations determined that all cell spp. exhibit a
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positive DEP response across the entire frequency range tested (250kHz-20MHz). This
conclusion can be made by observing that not one single cell produced a negative
measurement of DEP force across the entire frequency range for all experiments. Secondly,
it can be observed for all cell spp. that the magnitude of the DEP force approaches zero as
the frequency approaches 20MHz. This is shown by a near zero average DEP force for all
cell spp. at 20MHz. It is expected that a crossover frequency, or the frequency in which the
cells transition from a positive to a negative DEP response occurs near this frequency.
Ideally, this would be confirmed by additional experiments beyond 20MHz showing a
negative DEP response, but the experiments were limited by the equipment available. In
this case BK Precision 4040B voltage generator was utilized to apply the electric field with
a maximum possible frequency of 20MHz. Lastly it can be generally observed that the
range of magnitudes for DEP force for all cells characterized was between 0-0.6pN. DEP
forces of magnitudes in the sub pico-Newton range have been proven to be the dominating
force in the presence of both Brownian motion and electrothermal effects [69].
Many differences in the experimental DEP response for each cell spp. can also be
recognized. The experimental DEP response of S. cerevisiae is unique in the fact that the
DEP force continually decreases exponentially as the frequency increases. The highest
magnitudes of DEP force for S. cerevisiae are found at 250kHz, the lowest frequency
tested. This is shown by a steady decline in average DEP force with increasing frequency
until the average DEP force reaches a magnitude of 0N at 20MHz. Candida parapsilosis,
and Candida tropicalis are unique in the fact that their DEP force is parabolic in shape.
The highest magnitudes of DEP force for both these spp. is found in the middle range of
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frequencies tested; 2.5MHz and 5 MHz, respectively. Candida albicans displays a clear
decline in the magnitude of DEP force beyond 2.5MHz but at lower frequencies between
250kHz-2.5MHz the magnitude of the DEP force is similar in strength. This similarity is
recognized by a similar average DEP force and range for quartiles at frequencies between
250kHz-2.5MHz. In comparison Candida glabrata displays a similar average DEP force
and range for all quartiles for frequencies between 500kHz to 10MHz.

3.4.2

Analysis of Variance, Tukey Tests, and Error Propagation
Although the general observational analysis from the previous section leads us to

believe that the DEP response for each cell spp. might be unique this is not yet confirmed.
The results of the ANOVA and Tukey tests are detailed here and analyzed to confidently
recognize the statistically significant differences between the DEP response of each cell
spp. to 95% confidence level. The results of the ANOVA test are detailed first. Four
different plots of DEP residuals are displayed in figure 3.3 to validate the use of the
ANOVA.
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Figure 3.3 Displays four different residual plots that were used to confirm the assumptions needed to justify
the use of an ANOVA test. A) Normal Distribution Test B) Homoscedasticity Test C) Normal Distribution
Test 2 D) Independence Test

Figure 3.3A and 3.3C evaluates the data is normally distributed. This can be
observed by the near linear nature of the residuals plotted in 3.3A and is also confirmed in
3.3C through the fact that the residuals are centered around zero and near evenly distributed
on either side. The random nature of the datapoints in Figure 3.3B is indicative of
homoscedasticity and the equal distribution of residuals above and below the centerline in
figure 3.3D is indicative of independence.
The resulting p-value reported from the ANOVA test was on the order of 10−6,
much lower than 𝛼 = 0.05. This results in the rejection of the null hypothesis that no
differences exist in the observed DEP response and it can thus be concluded to a 95%
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confidence level that there are significant differences between the DEP responses of cell
spp.. The confirmation of the existence of measurable differences between the DEP
responses of different cell spp. is vital towards the progression of using the LiDEP platform
as a diagnostic tool. The existence of statistically significant differences to a 95%
confidence level confirms that DEP responses will vary depending on the cell spp. and
indicates that the potential to exploit these differences for diagnostics exists. Although the
ANOVA test can recognize the presence of significant differences overall, it does not
directly specify which data sets are different.
A Tukey test was coupled with the ANOVA test to recognize which cell spp.
exhibited statistically different DEP responses to a 95% confidence level. Figure 3.4 plots
the mean difference (blue circles) in DEP response in units of piconewtons [pN] for all
possible cell pairs. The error bars on either side of the mean observed difference is
representative of the 95% confidence interval. The vertical dashed line at zero shows the
location where no difference exists. Those cell pairs that intersect with the dashed line are
considered to have differences that are not significant. If the cell pair does not intersect
with the dashed line it can be concluded to a 95% confidence level that a significant
difference exists between their DEP responses.
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Figure 3.4 displays the mean difference (blue circles) in DEP response in units of piconewtons [pN] for all
possible cell pairs. The error bars are representative of a 95% confidence interval. Those cell pairs that
intersect with the dashed line are considered to have differences that are not significant. If the cell pair does
not intersect with the dashed line it can be concluded to a 95% confidence level that a significant difference
exists between their DEP responses.

Analyzing figure 3.4 it becomes clear which experimental DEP responses are significantly
different. Figure 3.4 shows that 6 unique cell pairs display significant differences in DEP
response, while 4 cell pairs show no significant difference. Analyzing these results from a
diagnostic perspective, it is promising that 6 of the cell pairs evaluated show significant
differences between the experimental DEP responses to a high confidence level. Even more
promising is that these measured differences are well out of the 95% confidence bound.
From an engineering standpoint, larger differences are more easily detectable and these
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cell pairs exhibited differences well outside the 95% confidence bounds speaking to the
confidence level in which a diagnosis may be made.
It should also be recognized that 4 cell pairs were determined to have DEP
responses that did not significantly differ. This indicates that each of these cell pairs do not
exhibit a unique DEP response and likely are not distinguishable from one another using
their measured DEP response. Furthermore, 3 out of the 4 of these cell pairs have measured
differences near zero. Even if the confidence level were to be lowered, these pairs would
show no significant difference. Statistically significant differences for 1 of these pairs (S.
cerevisiae and C. glabrata) can be recognized to a lower level of confidence evaluated to
be 60%.
The extent to which statistically significant differences exist between the DEP
response of different Candida spp. is promising towards the development of LiDEP for
diagnosis. The fact that 6/10 different Candida spp. are uniquely identifiable from one
another illustrates the versatility that might be expected for detecting the cause of
candidiasis. The results presented here were able to verify which cells had distinctly
different DEP responses to a 95% confidence level. The potential to use these differences
as a unique identifiers is recognized and the high confidence level in the existence of these
differences between cell spp. shows great promise towards the confidence level in which a
diagnosis with LiDEP might be made. Diagnostics, however, does not rely solely on the
recognition of distinct differences. These differences must be able to be accurately and
reproducibly detected. The next section addresses this concern.
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3.4.3

Error Propagation
An error propagation analysis was performed to recognize the existence of

measurement error in both the time and distance measurements and determine how any
error would propagate in the measurment of DEP force. Using equation 3.5, the smallest
detectable difference in the measurement of DEP force was estimated to be 0.076 pN. This
is promising towards building our LiDEP platform as a diagnostic tool for the detection of
candidiasis because it proves that the device has the ability to measure differences in DEP
force that are smaller than the differences observed between two significantly different spp.
of Candida.

3.5 Concluding Remarks
In chapter 3 a novel LiDEP based technique for characterizing the electrokinetic
response of multiple single cells simultaneously was reported. The electrokinetic response
for 4 different spp. of Candida and S. cerevisiae were characterized. An ANOVA and
Tukey test were performed to recognize the presence of significant differences between the
DEP response of different Candida spp. and an error analysis was performed to determine
the smallest detectable difference.
The findings here confirmed that cells of the same genus (Candida), but varying
spp. have the potential to exhibit different DEP responses. This is promising towards the
development of an LiDEP enabled tool for diagnosing candidiasis because it proves that
the electrokinectic response of Candida can be used to distinguish between different spp.
Specifically, here 4 spp. of Candida were characterized, and it was determined that 3 out
of 6 of the Candida pairs were significantly different to a 95% confidence interval (Figure
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3.4). Furthermore, the smallest detectable difference in DEP force was estimated to be
approximately 0.076 pN for the LiDEP platform here. This value is expected to be a
conservative estimate and would be improved with a more sophisticated camera with a
higher framerate and resolution. Nevertheless, this proves that the device has the ability to
measure differences in DEP force that are smaller than the differences observed between
two different spp. of Candida. These measurement capabilities demonstrated the potential
for LiDEP to be used to identify specific spp. under optimal experimental conditions (low
conductivity media and an isolated cell culture). Further work is needed to demonstrate the
ability to identify Candida spp. in a practical scenario. More specifically, the ability to use
LiDEP to isolate Candida spp. from high conductivity medias and blood samples are
needed. Still, the ability to identify Candida spp. will facilitate the use of spp. specific
treatments for nosocomial bloodstream infections from Candida which have a crude
mortality rate of 39% overall, and as high as 47% for patients infected in the ICU [56].

\
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Chapter 4

LiDEP for Electrical Measurements of Cells
The use of electrokinetics, particularly electrorotation, has become common
practice for measuring a cell’s electric properties. Chapter 4 presents a novel technique
using LiDEP as an electrokinetic tool for measuring a cell’s electric properties. In chapter
3 LiDEP was demonstrated for the use of detecting the root cause of candidiasis. To this
same end, the measured DEP response can be used for estimating the electric properties of
many cells within a population.
From a diagnostic perspective, estimated electric properties provide additional
statistics for comparison when making a diagnosis. Outside the field of diagnostics,
electrical properties of microorganisms are an essential feature to biological systems
fundamental to many cell functions including but not limited to growth, adhesion,
reorganization of the cytoskeleton, contractility, differentiation, proliferation, activation of
intracellular pathways, secretion of proteins and gene expression [70–77]. The ability to
measure the electrical properties of a cell could provide insight on the inner workings of
biological systems. Electrical interactions between a cell and an applied electric field are
becoming an important tool in modern biomedicine. For example, electric fields have been
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utilized to promote wound healing and tissue regeneration by electrokinetically assembling
component tissue cells [78]. Additionally, electroporation is currently being used to
facilitate a more rapid and potent drug delivery process in the treatment of breast cancer,
prostate cancer and melanoma as well as being used to deliver DNA vaccines to promote
better immune responses for many diseases including influenza, HIV, hepatitis C, malaria,
and anthrax [79].
Here we introduce a novel technique using LiDEP to measure the electric properties
of multiple single cells simultaneously. As the field of electrokinetics continues to advance,
knowing a cell’s electric properties will become vital in developing high precision, state of
the art, electrokinetic tools. Specifically, this chapter reports the electrical properties of 5
different cell spp. using the 3-shell analytical model of the cell.

4.1

Experimental Methodology
In order to measure the electrical properties of a cell, the DEP response of the cell

must be characterized first. For this reason, all experimental methodologies for chapter 4
follow the same method of characterizing a cell’s DEP response reported in chapter 3.
Please reference section 3.3 for details regarding the cell culture, sample preparation,
measurements of cell velocity, and calculations of DEP force.

4.2

Analytical Methodology
As mentioned in section 1.3.3, most modern techniques of measuring electric

properties are indirect and use a theoretical equation describing the observed electrokinetic
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response to approximate electrical properties. The technique presented here works
similarly. Those analytical methods required to estimate a cell’s electric properties based
on its observed DEP response are presented here.
4.2.1

Estimating a Cell’s Electric Properties
The multishell model was used to geometrically simplify the cell to be a

∗
homogeneous spherical particle with a single effective permittivity, 𝜀𝑝,𝑒𝑓𝑓
, that represents

the electrical contributions of different cellular organelles such as cell membrane and cell
wall. A 3-shell model was chosen to approximate the effective permittivity of the cell as a
function of the electrical properties of the cell interior (𝜀1 , 𝜎1) and its 3 surrounding shells
(𝜀2 , 𝜀3 , 𝜀4 , 𝜎2 , 𝜎3 , 𝜎4 ). The 3-shell model was selected for this study because it is commonly
used to represent S. cerevisiae, a cell morphologically similar to the Candida spp. studied
here. The morphology of the cells assumed by our model was a cytoplasm centric model
where the surrounding layers were the plasma membrane, inner cell wall and outer cell
wall. A visual depiction of the model used is shown in figure 4.1.
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Figure 4.1 displays A) the 3-shell model used for the estimation of all electrical properties in chapter 4. In
this model it can be observed that the cell is geometrically simplified to a cell with a cytoplasm interior
surrounded by a plasma membrane, inner cell wall, and outer cell wall. This model facilitates the estimation
of B) the electrical conductivity and permittivity for the cytoplasm, plasma membrane, inner cell wall and
outer cell wall.

The 3-shell effective permittivity (equation 1.3) was applied to the theoretical
equation for DEP force such that it is function of the permittivity and conductivity of the
cytoplasm,

plasma

membrane,

inner

cell

wall,

and

outer

cell

wall

(𝜀1 , 𝜀2 , 𝜀3 , 𝜀4 , 𝜎1 , 𝜎2 , 𝜎3 , 𝜎4 ) (equation 1.14).
A nonlinear least squared regression analysis was performed according to Figliola
and Beasley’s Theory and Design for Mechanical Measurements to fit the theoretical
expression for DEP force (equation 1.14) to the experimentally observed measurements of
DEP force [80]. The regression analysis utilized a trust reflective methodology to optimize
the curve fitting of the theoretical expression of DEP force to the experimental data. The
algorithm continuously contracts and expands each of the unknown electric properties
(𝜀1 , 𝜀2 , 𝜀3 , 𝜀4 , 𝜎1 , 𝜎2 , 𝜎3 , 𝜎4 ) by a step size of changing direction and magnitude. The
direction and magnitude of each step size is evaluated by a ratio of expected improvement
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of the fit to actual improvement produced by a given step size. As the curve fit approaches
optimality, the magnitude of the step size decreases. The curve fitting is optimized once
the step size is habitually smaller than the improvement produced by a sequential step or
the optimality tolerance is satisfied for all data points. Once an optimum curve fitting is
determined, all unknown variables can be obtained from the solved theoretical equation
represented by the optimal curve fit. Optimal theoretical curves and approximated
electrical properties were obtained for Saccharomyces cerevisiae, Candida albicans,
Candida parapsilosis, Candida glabrata and Candida tropicalis. All characterizations in
this chapter assumed the 3-shell model described by figure 4.1. Due to the extent of
research available surrounding the electrical characterization of S. cerevisiae our
estimations for the electrical properties of S. cerevisiae were compared side by side to
estimations found in literature using alternative methods.
4.2.2

Sensitivity Analysis
The ability of our platform to measure a cell’s electric properties is directly

correlated to the platforms ability to measure the DEP force of a cell. To understand how
a small change in the measured DEP response of a cell might affect its’ estimated electric
properties, a sensitivity analysis was performed for each of the electric properties estimated
by the 3-shell model. Sensitivities were calculated in Matlab by varying the input DEP
force in equation 1.14 and recording the resulting change in a given electric property. The
sensitivity for each property is reported as a ratio of the change in DEP force to the change
in a given electric property. The ratio of the change in DEP force to the change in a given
property was calculated for frequencies ranging from 250kHz- 20MHz at an increment of
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50kHz. All organelle conductivities, permittivities, and dimensions were held constant
except for the given electrical property of interest during the calculation of sensitivity. The
calculated ratios were used with the results from the error propagation analysis presented
in section 3.4.3 in order to estimate the smallest measurable value for all electric properties.
Specifically, by dividing the ratio of change in DEP force to change in property by the
smallest measurable force, the smallest measureable property value can be estimated. Since
the sensitivity for each electric property is a function of the frequency of the applied electric
field, each of the smallest measurable property values will also be a function of the
frequency rather than a single value. In section 4.3 the smallest measurable values are
reported for all electric properties assuming the 3-shell model of the cell. These values will
tell us the resolution of the measurements for each property made by the LiDEP platform.
The resolution of our measuring device is important for evaluating the overall precision of
the measurements made by the LiDEP platform used in this dissertation.

4.3

Results and Analysis
First, this section reports the optimized curve fittings and resulting electric

properties from the 3-shell analytical model of the cell for Saccharomyces cerevisiae,
Candida albicans, Candida parapsilosis, Candida glabrata and Candida tropicalis. Next,
a sensitivity analysis is presented to assess the performance of the LiDEP platform in
measuring the electric properties of each cell spp. with the 3-shell model.
4.3.1

Observational Analysis of the Theoretical Curve Fittings
Figure 4.2 displays the theoretical curve fitting for S. cerevisiae and overlays it over

experimental data. The x-axis corresponds to the frequency at which the AC voltage
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stimulus was applied. To accommodate the broad frequency range of experiments the xaxis for all graphs is presented on a log scale ranging from 104 to 108 Hz. DEP force is
presented on the y-axis in units of Newtons. Box and whisker plots are used to conveniently
present the spread of experimental data for all quartiles. The average experimental DEP
force is plotted for each frequency on all graphs in the form of a red circle and overlayed
on top the box and whisker plot. Potential outliers are recognized with a red plus mark and
indicate the cell exhibited an experimental DEP force 1.5 times stronger than the inter
quartile range.

Figure 4.2 displays the optimized theoretical DEP response curve for S. cerevisiae and overlays it on top of
the experimentally measured DEP response represented by the box and whisker plot. The average of the
experimental DEP force is plotted for each frequency and is represented by the red circles. Box and whisker
plot are utilized to show the spread of experimental data for each quartile. Potential outliers in the
experimental data are represented by a red + and signify that point is 1.5 times greater than the interquartile
range. The theoretical curve takes the form of equation 3.7 and assumes the 3-shell model of the cell presented
in figure 4.1.

Looking at the graph presented in figure 4.2 it can be noticed that the theoretical
DEP curve passes through average experimental DEP force (red circle) for nearly all
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frequencies tested. In addition, the general shape of the theoretical DEP curve matches the
shape observed in the experimental data. Merely through observation, the theoretical curve
appears to be a proficient representation of the average DEP response for the population of
S. cerevisiae.
Figure 4.3 displays the theoretical curve fitting for 4 spp. of Candida and overlays
it over experimental data.

Figure 4.3 displays the optimized theoretical DEP response curve for C. albicans, C. glabrata, C.
parapsilosis, and C. tropicalis and overlays it on top of the experimentally measured DEP response
represented by the box and whisker plot. The average of the experimental DEP force is plotted for each
frequency and is represented by the red circles. Box and whisker plot are utilized to show the spread of
experimental data for each quartile. Potential outliers in the experimental data are represented by a red + and
signify that point is 1.5 times greater than the interquartile range. The theoretical curve takes the form of
equation 3.7 and assumes the 3-shell model of the cell presented in figure 3.3.

Looking at each of the individual graphs presented in figure 4.3, several
observations can be made. Looking first at C. ablicans (figure 4.3A) and C. glabrata (4.3B)
it can be noticed the theoretical DEP curve passes close to the average experimental DEP
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force (red circle) for nearly all frequencies tested. For those frequencies in which the
theoretical model does intersect with the average, the experimental response of most of
data points are still well represented. This is shown by the fact that the theoretical model
passes through the inter quartile range (blue rectangle). Merely through observation, the
theoretical curve appears to be a proficient representation of the average DEP response for
the population of C. albicans and C. glabrata.
Looking next at C. parapsilosis (figure 4.3C) and C. tropicalis (4.3B) it can also
be noticed the theoretical DEP curve passes near the average of most frequencies, however,
three frequencies exist in which the theoretical model does not intersect with the average
and poorly represents the observed experimental response. This is shown for C.
parapsilosis at a frequency of 2.5 MHz by the fact that the theoretical model intersects only
with the first quartile (bottom black error bar). Additionally, for C. tropicalis there exist
two frequencies in which the theoretical model does not well represent the observed DEP
response shown by the fact that the model intersects with the upper and lower quartiles for
these frequencies. These frequencies are 2.5 and 5.0 MHz. It should be noted that the
frequencies that are not well represented by the model for C. parapsilosis and C. tropicalis
are in the middle range of frequencies tested. It should be noted for these Candida spp. that
the overall parabolic nature observed in the DEP response is well captured by the model,
but the extent of fluctuation in the observed DEP response for the middle range of
frequencies is not.
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4.3.2

Estimated Electrical Properties: 3-Shell Model
Presented here are the electrical properties approximated by the curve fits provided

in figures 4.2 and 4.3. All models assumed a 3-shell structure for the cell, providing
estimations for the permittivity and conductivity of the cytoplasm, plasma membrane, inner
cell wall and outer cell wall. The approximated electric properties for S. cerevisiae, C.
albicans, C. glabrata, C. parapsilosis, and C. tropicalis are presented in table 4.1.

Table 4.1 reports the approximated electric properties for S. cerevisiae, C. albicans, C. glabrata, C.
parapsilosis, and C. tropicalis as predicted by the 3-shell model.

Analyzing the approximated values in table 4.1 it can be observed that C. albicans
exhibits the highest permittivity values for the cytoplasm, plasma membrane and outer cell
wall while featuring the lowest permittivity value for the inner cell wall when compared to
all other cells detected. It is also observed that C. albicans features the lowest conductivity
for the plasma membrane and inner cell wall while the conductivity for the outer cell wall
and cytoplasm lies somewhere in between all cells characterized. Additionally, C. albicans
features a plasma membrane with a conductivity of 8.2 × 10−8 S/m, a whole order of
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magnitude lower than any other cell. Lastly, C. albicans features an inner cell wall
permittivity of 26.8, a difference of 11.2 to the next closest cell.
Continuing the observational analysis in a more concise manner for the remaining
cell spp. it can be observed that C. glabrata features a cell wall with a conductivity of 8.3
× 10−4 S/m, a whole order of magnitude smaller than all other cells characterized. C.
parapsilosis features an outer cell wall conductivity of 2.2 × 10−3 S/m, a whole order of
magnitude higher than any of the other cells characterized, and a cytoplasm conductivity
featuring a value of 0.34 S/m, which is 0.1 S/m lower than the next closest cell. Lastly, C.
tropicalis features the lowest plasma membrane permittivity, differing from the next
closest cell by 0.9. C. tropicalis features the highest plasma membrane conductivity
observed by a factor of 1.6 times the next closest conductivity.
The findings here provide the first ever tabulated electrical properties for
Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata
and Candida tropicalis using LiDEP. This is a significant achievement towards developing
an LiDEP enabled tool for diagnosing candidiasis using a cell’s electrokinectic response.
Comparative Analysis of the Electrical Properties of S. cerevisiae
Due to the extent of research available surrounding the electrical characterization
of S. cerevisiae our estimations for the electrical properties were compared side by side to
estimations found in literature using alternative methods; Electrorotation (2-shell) [81]
Electrorotation (3-shell) [82] Electrorotation (4-shell) [83] Impedance Cytometry (4-shell)
[84] DEP assisted Impedance Spectroscopy (1-shell)
comparison.
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[85]. Table 4.2 presents this

Table 4.2 presents a side by side comparison of the electrical properties of S. cerevisiae estimated from this
dissertation to those electric properties found in literature measured using alternate techniques.

In general, a comparison of results obtained using different methodologies is not
recommended, but since this is the first electrical characterization of this extent with an
LiDEP platform our results are briefly compared with what is found in literature. In
summary, table 4.2, shows that the permittivity of the cytoplasm has approximated
permittivity ranging from 51.0-74.0 and the plasma membrane ranges from 3.0-12.6. Our
methodology estimated the relative permittivity of the cytoplasm and plasma membrane to
be 59.9 and 10.2 respectively. Similarly, the cytoplasm conductivity ranges from 0.34 S/m
– 1.2 S/m and the plasma membrane ranges from 2.5 × 10−8 S/m to 4.5 × 10−4 S/m. Our
methodology estimated the conductivity of the cytoplasm and plasma membrane to be 0.95
S/m and 1.0 × 10−7 S/m respectively. The properties for the remaining organelles will not
be addressed because each method assumes a different structure of the cell and predicts the
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properties for different organelles. Solely looking at the electrical properties of the
cytoplasm and plasma membrane, it is promising that our platform produces results that
are within the range of values for these organelles approximated with alternate
electrokinetic techniques.
Perhaps a more important observation to be made from table 4.2 is the recognition
of the amount of analytical models and the lack of standardization when measuring a cell’s
electric properties. Just in the few works presented in table 4.2, 4 different electrokinetic
domains (Light Induced DEP, Electrorotation, Impedance Cytometry, and DEP assisted
Impedance Spectroscopy) and several variations of the multishell model (1-shell, 2-shell,
3-shell, and 4-shell) are explored for characterizing the electrical properties of S.
cerevisiae. Here it becomes clear how many electrical characterization techniques might
exist and how difficult it may be to compare the resulting electric properties from different
models.
4.3.3

Sensitivity Analysis
To understand how a small change in the measured DEP response of a cell might

affect its’ estimated electric properties, a sensitivity analysis was performed for each of the
electric properties estimated by the 3-shell model according to the methods presented in
section 4.2. The sensitivities are reported in the form of a ratio between DEP force and the
given property of interest. The sensitivity ratios were calculated for the conductivity and
permittivity of the cytoplasm, plasma membrane, inner cell wall, and outer cell wall across
the entire frequency range of experiments.
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Analysis of Conductivity Measurements
Figure 4.4 reports the ratios between DEP force and the conductivity of each
organelle.

Figure 4.4 displays the change in DEP force to conductivity ratio. This ratio tells us the expected change in
the conductivity for a given organelle to a small change in DEP force across the entire range of frequencies
tested.

In an effort to explain how the sensitivity ratios are interpreted, two points of
interest are marked on figure 4.4 and their coordinates displayed. The first point of interest
𝑁

is marked by the coordinates (X: 1,000,000 Hz, Y: 6.96× 10−7 𝑆/𝑚). The sensitivity ratio
for this coordinate can be interpreted as such; At a frequency of 1,000,000 Hz (1MHz) we
can expect a change of 1 S/m in the conductivity of the outer cell wall when a change in
force of 6.96× 10−7 N is observed. The second marked coordinate (X: 10,000,000 Hz, Y:
𝑁

3.44× 10−7 𝑆/𝑚 ) can be interpreted similarly. At a frequency of 10,000,000 Hz (10MHz)
we can expect a change of 1 S/m in the conductivity of the outer cell wall when a change
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in force of 3.44× 10−7 N is observed. Analyzing the broader trends in figure 4.4 it can be
observed that a smaller change in conductivity induces greater change in the observed DEP
response. This is illustrated by the fact that the outer and inner cell wall require a larger
change in DEP force to induce an equal change in conductivity when compared to the
cytoplasm and plasma membrane. Physically speaking this implies that the outer organelles
of each cell have a greater affect on the observed DEP response compared to the inner
organelles for the frequency range tested here.
Although the sensitivity ratios give some insight on the relationship between DEP
force and the estimated property of interest, the ratios tell us very little about the
performance of the LiDEP platform without analyzing them further. By dividing the ratios
by the smallest measurable force reported in section 3.4.3 we can obtain estimates for the
smallest detectable difference between the estimated electric properties. In terms of
performance of the LiDEP platform this is equivalent to the measurement resolution for
each organelle. Figure 4.5 provides plots for the smallest measurable conductivity
(resolution) for each organelle assuming the 3-shell model.
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Figure 4.5 reports the smallest measurable difference in electrical conductivity for each organelle when
measurements are facilitated by the 3-shell model. A.) Cytoplasm B) Plasma Membrane C) Inner Cell Wall
D) Outer Cell Wall

Analyzing figure 4.5A it can be observed that the measurement resolution for the
conductivity of the cytoplasm decreases with increasing frequency. The resolution for
estimating the conductivity of the cytoplasm ranges from 1.5 × 10−6 S/m to 4 × 10−6 S/m.
Looking back at the estimated property values for the cytoplasm, presented in table 4.1, it
can be observed that the predicted cytoplasm conductivities for each of the cell spp. ranged
from 0.34 – 0.95 S/m. The estimated values for the conductivity of the cytoplasm for each
spp. are several orders of magnitude higher than the measurement resolution of the LiDEP
platform. The fact that the observed differences in the conductivity of the cytoplasm
between cell spp. are several orders of magnitude higher than the measurement resolution
of the LiDEP platform indicate that a strong potential exists for using this platform to
distinguish between cell spp. based on their measured cytoplasm conductivity.
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Moving on to figure 4.5B a similar analyses can be performed to asses the platforms
performance for measuring the conductivity of the plasma membrane. Overall, the
measurement resolution for the conductivity of the plasma membrane has a much wider
range of values when compared to the measurement resolution of the cytoplasm
conductivity. The resolution for measuring the conductivity of the cytoplasm increases
with increasing frequency and ranges from 2.4 × 10−9 S/m at a frequency of 250kHz to
2 × 10−6 S/m at a frequency of 20MHz. This wide range of measurement resolutions
indicates that the measurement performance of the LiDEP platform for measuring the
conductivity of the plasma membrane is going to be strongly dependent on the frequency
range in which the measurements are made. The lowest resolution and the best
measurement performance for measuring the plasma membrane occurs at the lowest
frequency. Looking back at the table 4.1 measurements for the conductivity of the plasma
membrane of the cell spp. characterized in this dissertation ranged from 8.2 × 10−8 S/m
to 5.4 × 10−7 . At first glance it is concerning that the measurement resolution is on the
same order of magnitude as the typical measurements being made. For this reason, if high
performance measurements are required to detect small differences between the
conductivity of the plasma membrane of different cell spp. it is suggested that these
measurements be performed at frequencies lower than 1MHz such that the lowest
measurement resolution possible is achieved.
Moving on to figure 4.5C and continuing the analysis for the measuring
performance of the inner cell wall conductivity, it can be observed that the measurement
resolution ranges from 2.7 × 10−9 S/m to 3.5 × 10−6 S/m. This wide range of
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measurement resolutions for the inner cell wall suggests that the resolution is strongly
dependent on the frequency. Unique to the resolution for the inner cell wall is a sharp
increase at around 7MHz. Looking back at figure 4.4 this peak is due to the fact that the
sensitivity ratio transitioned from a positive to a negative ratio. The peak in resolution is
located at the frequencies in which the sensitivity ratio was near zero. When the ratio
between force and a given property approaches zero a small amount of force is required to
induce a change in the electric property value. This highly sensitive frequency is best to be
avoided when high performance measurements are required. Nevertheless, the resolution
of the measurements for the inner cell wall are multiple orders of magnitude lower than the
estimated conductivities for the inner cell wall for each cell spp.. The fact that the observed
differences in the conductivity of the inner cell wall between cell spp. are multiple orders
of magnitude higher than the measurement resolution indicate that a strong potential exists
for using this platform to distinguish between cell spp. based on their measured inner cell
wall conductivity.
Lastly, figure 4.5D can be analyzed in a similar way to give us insight on the
measuring performance for measuring the conductivity of the outer cell wall. At first glance
it can be noticed that the resolution for measuring the conductivity of the outer cell wall is
the lowest of all organelles with a resolution ranging from 0.25 × 10−8 S/m to 2 × 10−8 .
This suggests that the LiDEP platform can detect the smallest differences in conductivity
for the outer cell wall when compared each of the other organelles of interest. Furthermore,
the estimated electric properties for the cell spp. ranged from

1.0 × 10−4 S/m to

2.2 × 10−3 S/m. The fact that the observed differences in the conductivity of the outer cell
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wall between cell spp. are multiple orders of magnitude higher than the measurement
resolution indicate that a strong potential exists for using this platform to distinguish
between cell spp. based on their measured outer cell wall conductivity.
Analysis of Permittivity Measurements
Identical analyses to the conductivity measurements were performed for the
permittivity measurements. Figure 4.6 reports the ratios between DEP force and the
permittivity of each organelle.

Figure 4.6 displays the change in DEP force to permittivity ratio. This ratio tells us the expected change in
the permittivity for a given organelle to a small change in DEP force across the entire range of frequencies
tested.

The sensitivity ratios for permittivity are interpreted the same as those reported for
conductivity. Two points of interest are marked on figure 4.6 and their coordinates
displayed. The first point of interest is marked by the coordinates (X: 1,000,000 Hz, Y:
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𝑁

1.20× 10−10 [−]). The sensitivity ratio for this coordinate can be interpreted as such; At a
frequency of 1,000,000 Hz (1MHz) we can expect a change of 1 in the relative permittivity
of the outer cell wall when a change in force of 1.20× 10−10 N is observed. The second
𝑁

marked coordinate (X: 10,000,000 Hz, Y: 6.81× 10−10 [−] ) can be interpreted similarly.
At a frequency of 10,000,000 Hz (10MHz) we can expect a change of 1 in the relative
permittivity of the outer cell wall when a change in force of 6.81× 10−10N is observed.
Analyzing the broader trends in figure 4.6 it can be observed that larger forces are required
to induce a change in the permittivity for the outermost shells of the 3-shell model. This is
illustrated by the fact that the outer and inner cell wall require a larger change in DEP force
to induce an equal change in permittivity when compared to the cytoplasm and plasma
membrane. Physically speaking this implies that the outer organelles of each cell have a
greater affect on the observed DEP response compared to the inner organelles for the
frequency range tested here.
Although the sensitivity ratios give some insight on the relationship between DEP
force and the estimated property of interest, the ratios tell us very little about the
performance of the LiDEP platform without analyzing them further. By dividing the ratios
by the smallest measurable force reported in section 3.4.3 we can obtain estimates for the
smallest detectable difference between the estimated permittivities. In terms of
performance of the LiDEP platform this is equivalent to the measurement resolution for
the permittivity of each organelle. Figure 4.7 provides plots for the smallest measurable
permittivity (resolution) for each organelle assuming the 3-shell model.
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Figure 4.7 reports the smallest measurable difference in electrical permittivity for each organelle when
measurements are facilitated by the 3-shell model. A.) Cytoplasm B) Plasma Membrane C) Inner Cell Wall
D) Outer Cell Wall

Since this analysis is identical to the one for the conductivity measurements, it will be
reported in a more expedited fashion. At first glance it can be observed that the resolution
for measuring the permittivity of the cytoplasm is much different than the resolution for
measuring the permittivity of the plasma membrane, inner cell wall, and outer cell wall.
The resolution for measuring the permittivity of the cytoplasm ranges from 0.001 to 4 while
the resolutions for the plasma membrane inner cell wall and outer cell wall are all on the
order of 10−4 . If high performance measurements for the permittivity of the cytoplasm are
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required it is suggested that the measurements be made at frequencies above 10MHz in
order to achieve the lowest resolution. The resolution for the permittivity of the plasma
membrane, inner cell wall, and outer cell wall were all multiple orders of magnitude lower
than the observed differences in the measured permittivities for each cell spp. The fact
that the observed differences in the permittivities of the plasma membrane, inner cell wall,
and outer cell wall between cell spp. are multiple orders of magnitude higher than the
measurement resolution indicate that a strong potential exists for using this platform to
distinguish between cell spp. based on their measured plasma membrane, inner cell wall,
and outer cell wall permittivity.

4.4 Concluding Remarks
In chapter 4 the electrical conductivity and permittivity for the cytoplasm, plasma
membrane, inner cell wall, and outer cell wall of Saccharomyces cerevisiae, Candida
albicans, Candida parapsilosis, Candida glabrata and Candida tropicalis were estimated.
A sensitivity analysis was performed to determine how a small change in each organelle’s
electric properties might affect its DEP response in order to calculate the smallest
detectable difference in each electrical property for the LiDEP platform used here.
The findings here provide the first ever tabulated electrical properties for
Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata
and Candida tropicalis using LiDEP. This is a significant achievement towards developing
an LiDEP enabled tool for diagnosing candidiasis using a cell’s electrokinectic response.
Furthermore, here we showed that the LiDEP platform has the ability to detect differences
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in electric properties smaller than those observed between the cell spp. characterized here.
These measurement capabilities demonstrated the potential for LiDEP to be used to
identify Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida
glabrata and Candida tropicalis based on their measured electric properties. Further work
is needed to characterize the variation in electrical properties for a single cell sp.. More
specifically, the variations in electrical properties need to be studied for a single sp. under
uncontrolled conditions (varying cell age, varying media nutrients, varying media
conductivities). Knowing how the electric properties of a single cell spp. varies based on
its’ environment is essential towards identifying a cell in practical scenarios where the cells
will be cultured in an uncontrolled environment. Nevertheless, a platform of this nature can
have an immediate impact in the progression of novel electrokinectic tools that rely on
knowing a cell’s electric properties by providing a method of characterizing the electrical
properties of multiple single cells simultaneously. In terms of diagnosing Candidiasis the
platform has demonstrated the ability to measure small differences in the electric properties
of Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata
and Candida tropicalis under a controlled environment.
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Chapter 5

Analytical Models for Electrical
Measurements of Cells
In chapter 4 we introduced a novel technique using LiDEP for measuring the
electric properties of multiple single cells simultaneously. The ability to estimate a cell’s
electric properties from its observed DEP response relies on the use of a simplified
analytical model of the cell. In chapter 4 the 3-shell model of the cell was considered in all
calculations of electric properties. Here, in chapter 5, it is hypothesized that the estimated
electric properties are strongly dependent on how the cell is analytically simplified.
Specifically, this chapter uses 4 different Multishell models of the cell to estimate the
electric properties of the same 5 cell spp. from chapter 3 and 4 (Saccharomyces cerevisiae,
Candida albicans, Candida parapsilosis, Candida glabrata and Candida tropicalis). This
is the first characterization of this extent and presents the electric properties of 5 different
spp. using 4 different variations of the multishell model.

5.1

Experimental Methodology
In order to measure the electrical properties of a cell, the electrokinectic response

of the cell must be characterized first. For this reason, all experimental methodologies for
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chapter 5 follow the same method of characterizing a cell’s DEP response reported in
chapter 3. Please reference section 3.3 for details regarding the cell culture, sample
preparation, measurements of cell velocity, and calculations of DEP force.

5.2

Analytical Methodology
This chapter recognizes the existence of alternate analytical models that can be used

for the estimation of a cell’s electric properties. Here, 4 different multishell models (1shell, 2-shell, 3-shell, and 4-shell) are introduced and used to estimate the electric
properties of Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida
glabrata and Candida tropicalis. A visual depiction of each model used is shown in figure
5.1.

Figure 5.1 displays the four different multishell models used for the estimation of the electric properties of
Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata and Candida
tropicalis. All models geometrically simplifies the cell into a spherical entity with a cytoplasm interior
∗
surrounded by various organelles. This model facilitates the calculation of a complex permittivity, 𝜀𝑝,𝑒𝑓𝑓
,
(equation 1.3) that can be used with the theoretical expression for DEP force, 𝐹𝐷𝐸𝑃 , (equation 1.14) to
estimate the electrical conductivity and permittivity for the cytoplasm and all other organelles represented in
a given model. The models investigated in this section are the A) Single Shell B) 2-Shell C) 3-Shell and D)
4-Shell models.

Similar to the estimation of the electrical properties of the 3-shell model presented
in section 4.2.1, an expression for effective permittivity (equation 1.3) was derived and
applied to the theoretical equation for DEP force (equation 1.14) such that the DEP
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response becomes a function of the cell’s permittivity and conductivity of each organelle
in the model used (𝜀1 , 𝜀2 , 𝜀3 … 𝜀𝑁 , 𝜎1 , 𝜎2 , 𝜎3 … 𝜎𝑁 ). Identical to the 3-shell model, a
nonlinear least squared regression analysis is utilized to fit the theoretical expression for
DEP force to the experimentally observed DEP force. Once an optimum curve fitting is
determined, all unknown variables can be obtained from the solved theoretical equation
represented by the optimal curve fit. Optimal theoretical curves and approximated
electrical properties were obtained for Saccharomyces cerevisiae, Candida albicans,
Candida parapsilosis, Candida glabrata and Candida tropicalis. Characterizations of all
cell spp. were performed for each of the four models depicted in figure 5.1.

5.3

Results and Analysis
This section reports the optimized curve fittings and resulting electric properties for

all cell spp. and models. The findings here provide the first ever tabulated electrical
properties for Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis,
Candida glabrata and Candida tropicalis using this many variations of the multi-shell
model. This is important and relevant towards recognizing the effect of the analytical
model on a cell’s measured electric properties. Recognizing the tendency of a given model
to overestimate or underestimate a cell’s electric properties is valuable towards improving
the techniques and measurements of a cells electric properties.
5.3.1

Theoretical Curve Fits
This section organizes the results into 5 different figures, 1 figure for each of the

cells characterized. All five the figures in this section report four different graphs. Each
graph depicts the experimentally measured DEP response and it’s theoretical curve fitting
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for each of the models; 1-shell, 2-shell, 3 shell, and 4- shell. All of the graphs are presented
with identical axes to serve for easier comparison. Specific observations will be made about
the correlation between the theoretical curve for each model and the experimental data for
each cell. After presenting the resulting curves for all cells and establishing an adequate
correlation between the analytical and experimental general observations will be made on
the trends observed for each model.
Figures 5.2 – 5.6 show the optimized curve fit for each of the four models for each
of the cells characterized as described above. The x-axis for each of the cells corresponds
to the frequency at which the AC voltage stimulus was applied. To accommodate the broad
frequency range of experiments the x-axis for all graphs are presented on a log scale
ranging from 104 to 108 Hz. DEP force in presented on the y-axis in units of Newtons.
Box and whisker plots are used to conveniently present the spread of experimental data for
all quartiles. The average experimental DEP force is plotted for each frequency on all
graphs in the form of a red circle and overlayed on top the box and whisker plot. Potential
outliers are recognized with a red plus mark and indicate the cell exhibited a DEP forces
1.5 times stronger than the interquartile range.
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Figure 5.2 shows the optimized curve fit for each of the four models for S. cerevisiae. The graphs are
presented in sequential order beginning with the 1-shell model (Figure 5.1A) and ending with the 4-shell
model (Figure 5.1D).

Figure 5.3 shows the optimized curve fit for each of the four models for C. albicans. The graphs are presented
in sequential order beginning with the 1-shell model (Figure 5.1A) and ending with the 4-shell model (Figure
5.1D).
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Figure 5.4 shows the optimized curve fit for each of the four models for C. glabrata. The graphs are presented
in sequential order beginning with the 1-shell model (Figure 5.1A) and ending with the 4-shell model (Figure
5.1D).

Figure 5.5 shows the optimized curve fit for each of the four models for C. parapsilosis. The graphs are
presented in sequential order beginning with the 1-shell model (Figure 5.1A) and ending with the 4-shell
model (Figure 5.1D).
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Figure 5.6 shows the optimized curve fit for each of the four models for C. tropicalis. The graphs are
presented in sequential order beginning with the 1-shell model (Figure 5.1A) and ending with the 4-shell
model (Figure 5.1D).

Analyzing the resulting curve optimizations (presented in figures 5.2- 5.6) it can be
noticed that multiple models exist that adequately describe the experimentally observed
DEP response of a given cell. This is indicated in our graphs by the fact that nearly all the
curves intersect with the box plot near the average for all models across all frequencies. In
general, for all cells, it was observed that an improved fit occurred with progressive models
where the best fit for each cell was the 4-shell model. This was observed by the fact that
the curve intersected with the box and whisker plots more closely to the average with each
progressing shell model. Specifically, the higher order models were observed to more
closely represent the average for the higher frequencies compared to the lower order
models. This is expected due to the fact that each progressing shell model introduces a new
organelle with properties that affect the DEP response. The newly represented organelle
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with each progressing model more closely represents the actual structure of a cell and
provides additional free variables to the theoretical equation. The additional free variable
provides the theoretical curve more mobility which is likely the reason higher order models
produce curves that more closely fit the observed DEP response.
Furthermore, broadening theoretical DEP responses were observed in subsequent
shell models. The width of a cell’s positive DEP response is of particular importance due
to the fact that it marks the transition of a cell from a positive to a negative DEP response.
The frequency at which this transition occurs is known as the crossover frequency.
Crossover frequencies have been investigated for a number of different applications
ranging from cell sorting and identification to the estimating a cell’s properties [86–90].
It should be noted that the 1-shell model was able to capture the overall shape of
the experimental data. This is shown by the fact that the one shell model produced a
theoretical curve that intersects the box and whisker plots near the average for the majority
of the frequencies tested. The single shell model represents only the cytoplasm and plasma
membrane affirming just how important these organelles are in a cells’ electrical response.
Although all of our experiments range from 250kHz-20MHz the theoretical models have
the ability to predict the DEP response of the cell for frequencies outside this range. It is
important to note that the 1-shell model consistently, for all cells tested, predicted a positive
DEP response at low frequencies. This is shown by the fact that the strength of the DEP
force is predicted to be above 0N for all frequencies between 1kHz and 250kHz for the
theoretical response of all cells. Every other model predicted a transition towards a negative
DEP response with decreasing frequency. Although neither prediction was confirmed
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experimentally, in theory this indicates that the internal structure of a cell greatly affects
it’s DEP response. In fact, this confirms that the electrical properties of different organelles
may dominate the electrical response of a cell in different frequency ranges [30]. The
properties of the cytoplasm and plasma membrane appear to dominate the electrical
response in the frequency range of our experiments but this may not be the case for
frequencies outside this range. It is important to remember that the methods presented in
these analyses only account for the presence of DEP force on a cell. As you get into lower
or higher frequencies, DEP force may no longer be the dominating force driving the motion
of the cell [67,68].
5.3.1

Estimated Electric Properties
Tabulated values for the electrical properties for Saccharomyces cerevisiae,

Candida albicans, Candida parapsilosis, Candida glabrata and Candida tropicalis are
reported in Tables 5.1-5.5. Each of the tables reports the properties predicted by four
different models for a single cell of interest.
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Table 5.1 reports the estimated electric properties for S. cerevisiae as predicted by the curve fittings from
each of the 4 models; 1-shell, 2-shell, 3-shell, and 4-shell.

Table 5.2 reports the estimated electric properties for C. albicans as predicted by the curve fittings from
each of the 4 models; 1-shell, 2-shell, 3-shell, and 4-shell.
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Table 5.3 reports the estimated electric properties for C. glabrata as predicted by the curve fittings from
each of the 4 models; 1-shell, 2-shell, 3-shell, and 4-shell.

Table 5.4 reports the estimated electric properties for C. parapsilosis as predicted by the curve fittings from
each of the 4 models; 1-shell, 2-shell, 3-shell, and 4-shell.
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Table 5.5 reports the estimated electric properties for C. tropicalis as predicted by the curve fittings from
each of the 4 models; 1-shell, 2-shell, 3-shell, and 4-shell.

Common to all the models used in this dissertation is the representation of the
cytoplasm and the plasma membrane within each model. Higher order shell models
represented additional organelles through the adding concentric layers to the model.
The tabulated electric properties reported in tables 5.1-5.5 are condensed into a
‘single-blind’ comparison of the electrical properties of the plasma membrane and
cytoplasm of all models where the cell spp. is intentionally left unknown. Table 5.6 reports
said results.
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Table 5.6 reports the estimated electric properties for the cytoplasm and plasma membrane for five
different species of cells using four different analytical model.

Analyzing table 5.6 it is clear that the estimated properties of a given cell spp. are heavily
dependent on the analytical model used to predict those properties. In particular, looking
at the conductivity of the plasma membrane it can be observed that the measured
conductivity values for a given species varies by 3 orders of magnitude. This trend is not
unique to a single species but observed across all species. Furthermore, this trend is not
limited to the conductivity of the plasma membrane. The permittivity of the plasma
membrane can be observed to vary by two orders of magnitude for a given cell spp. and
the conductivity of the cytoplasm is observed to vary by a single order of magnitude for a
single cell spp.. The permittivity of the cytoplasm is perhaps the most consistently
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estimated property across models but in few cases significant differences are still observed.
The discrepancies between differing analytical models is not meant to discredit any of the
models or suggest that one model is more accurate that than the other, but rather meant to
highlight that the resulting electric properties are strongly dependent on the model used to
analyze them.
Analyzing table 5.6 in greater detail, it is observed that the 1-shell model
consistently predicts the permittivity of the plasma membrane to be lower than all other
models for each of the cell spp. characterized. Furthermore, it can be noticed that the single
shell model also reports the highest estimates for the conductivity of the plasma membrane
and cytoplasm. Moving to the 2-shell model similar general tendencies can be observed.
Compared to all other models, the 2-shell model provides the highest estimated values of
the plasma membrane permittivity and estimated values that lie somewhere in the middle
for the plasma membrane and cytoplasm conductivity. The 3-shell and 4-shell models
estimated values for the plasma membrane permittivity and conductivity and the cytoplasm
conductivity to be in the middle range of values for all analytical models. The differences
observed in the prediction of the electrical properties and the general trends observed across
analytical models are hypothesized to be a result of the unique assumed structure and the
inherent assumptions of each of the different shell models.
It should not be forgotten that the shell model used in all analyses assumes a
geometrically simplified version of the cell. The shell model represents the organelles
within the cell as concentric layers that surround the cell interior. By increasing the number
of shells that surround the interior you can estimate the properties of different additional
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organelles. It should not be surprising that cells are vastly more complex in shape and
internal structure than what is represented by these models. Let’s consider the 1-shell
analytical model used in this dissertation. This model assumes that the cell is spherical in
nature with a cytoplasmic interior surrounded by a plasma membrane. Comparing the
assumptions of the 1-shell model to the 4-Shell model, the 4-shell model maintains the
spherical assumption but the internal structure of cell changes to the interior being a
cytoplasm, surrounded by a plasma membrane, periplasmic space, inner cell wall, and outer
cell wall. The vast differences in the assumed structure of a cell are a clear reason to why
the predicted electrical properties of a cell might differ based on the model used.
In all likelihood, none of geometric representations assumed by any of the shell
models will capture the complexity of the structure of an actual cell, but what does this
imply about the estimated electric properties? Considering again the 1-shell model, but this
time from a material science perspective, the cell is assumed to be composed of two
materials the cytoplasm and cell membrane and it’s electrical response is therefore a
function of the conductivity and permittivity of each material represented in that model. In
order to measure the conductivity and permittivity of the cytoplasm and plasma membrane,
the theoretical expression for the 1-shell model was fit to the experimental data for an actual
cell. In all actuality the experimentally measured DEP force takes into account the
electrical contributions made from the entire structure of the cell and all its components by
fitting the theoretical expression to the experimental data. This is supported by some of the
general trends observed in our data for each model. It was observed that the 1-shell model
provided the highest estimated values for the conductivity of the plasma membrane and
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cytoplasm. The 1-shell model does not account for the presence of organelles known to be
more conductive including the periplasmic space, inner cell wall, and outer cell wall. The
lack of the representation of these more conductive organelles within the 1-shell model
likely led to an overestimation of the conductivity of the plasma membrane and cytoplasm.
100% accuracy of the estimated electrical properties will never be achieved due to the fact
that this device uses simplified geometrical models of the cell, however it is important to
recognize these general trends when referencing reported electric properties.

5.4

Concluding Remarks
In chapter 4 the electrical conductivity and permittivity for 4 different variations of

the multishell model were reported for Saccharomyces cerevisiae, Candida albicans,
Candida parapsilosis, Candida glabrata and Candida tropicalis. The resulting estimations
of the cytoplasm and plasma membrane for each analytical model were compared to
confirm or deny the hypothesis that the model will effect the estimations of the electric
properties.
The findings here report the first ever tabulated electrical properties for
Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis, Candida glabrata
and Candida tropicalis using LiDEP for 4 different variations of the multishell model.
After comparing the estimations of the cytoplasm and plasma membrane for each analytical
model it was determined that the model used contributes to the resulting electrical property
estimations. Recognizing the tendency of a given model to affect a cell’s electric properties
is valuable towards improving the precision and accuracy of measured electric properties.
Further work is still needed to determine the accuracy of each model. More specifically the
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contactless LiDEP measurement technique for estimating the electrical properties with
different models presented here should be compared to a contact based measurement
technique such as the patch clamp or nanoprobe to assess the accuracy of each model.
Nevertheless, novel electrokinectic tools are becoming increasingly popular in the field of
biomedicine and rely on the electric properties of the cell to precisely control them in space
in time. This work here highlights the affects of different analytical models on the
estimation of the electrical properties of a cell. The varying results of each model highlight
the importance of standardizing the measurement technique to provide more consistent and
precise measurements of electrical properties. This work here progresses the use of LiDEP
as an electrical property measurement tool by reporting the first ever tabulated electrical
properties for Saccharomyces cerevisiae, Candida albicans, Candida parapsilosis,
Candida glabrata and Candida tropicalis for 4 different variations of the multishell model.
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Chapter 6

Localized Enrichment
Here, we present the use of dielectrophoresis (DEP) to enrich T. brucei parasites in
specific locations to facilitate their identification in a future diagnostic assay. The longterm goal of our work is to use DEP to selectively trap and enrich T. brucei in specific
locations while eluting all other cells in a sample. This would allow for a diagnostic test
that enables the user to characterize the presence of parasites in specific locations
determined a priori instead of relying on scanning a sample. In the work presented here,
we report the characterization of the conditions that lead to high enrichment, 780%, of the
parasite in specific locations using an array of titanium microelectrodes.

6.1

Cells of Interest
Human African Trypanosomiasis (HAT), also known as sleeping sickness, is a

vector-borne neglected tropical disease endemic to rural, sub-saharan Africa. The disease
is caused by infection of the protozoan Trypanosoma brucei, which is transmitted by the
tsetse fly. Early diagnosis of the presence of T. brucei at the first stage of infection can
have a significant impact on patient outcome by enabling timely and adequate treatment
before the disease moves into a second stage. This is important because at this later stage
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the parasite penetrates the central nervous system, which leads to neuropsychiatric
manifestations such as sleep disorders, derangement or deep sensory disturbances that
severely compromise the quality of life of the patient [91,92]. This second stage is fatal if
untreated and drugs used to treat it are expensive and/or highly toxic. In contrast, drug
therapy for early-stage HAT is effective and only mildly toxic [91,92].
6.1.1

Diagnostic Techniques
Current methods of early detection in the affected rural communities generally

begin with general screening using the Card Agglutination Test for Trypanosomiasis
(CATT), a serological test. However, the gold standard for confirmation of
trypanosomiasis remains the direct observation of the parasite [93]. Therefore, positive
CATT readings are subsequently followed up through the direct observation of
trypanosomes in blood, lymph node aspirates, or cerebrospinal fluid (of note, examination
of the cerebrospinal fluid after lumbar puncture is required to differentiate between HAT
stages). In all cases, enrichment of the parasite in specific locations is crucial to facilitate
their identification and different methods have been used to this end.
6.1.2

Enrichment Techniques
Mini hematocrit centrifugation technique (mHCT), quantitative buffy coat (QBC)

and miniature anion-exchange centrifugation technique (mAECT) are all techniques that
use centrifugation but for two different purposes. Centrifugal fractionation is used in
mHCT and QBC to enrich the parasite by exploiting their difference in density with respect
to blood cells. A hematocrit centrifuge is first used to fraction the blood sample (~50 µl of
finger-prick blood) into plasma, buffy coat and red blood cells (RBC) layers in a capillary
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tube. The capillary tubes are then placed in a special holder and examined under a
microscope by a trained eye to scan for the presence of parasites [94,95]. If present, they
are expected to be concentrated near the interface between the buffy coat and the plasma
layers. The difference between mHCT and QBC is that acridine orange, a fluorescent stain,
and UV light is used in QBC to facilitate parasite identification. However, both techniques
can suffer from low specificity since enrichment is done only based on particle density.
Contamination of the enriched sample with white blood cells (WBC) of similar density
significantly complicates the identification of the parasite. In contrast, mAECT utilizes
surface charge to enrich the parasite from the sample. At pH 6-9 T. brucei have been shown
to have a neutral charge or be less negatively charged than blood cells. While centrifugation
is also used in mAECT, this is done for the sole purpose of flowing the sample through a
positively-charged column. Hence, the vast majority of the blood cells are retained in the
column while the parasites are eluted and retrieved after the column. The use of mAECT
has been shown to increase sensitivity over mHCT by 30 to 40% and significant less
contamination of the sample with other cells facilitates direct observation and identification
of the parasite [96–98]. However, scanning the eluted sample for parasites is still required,
and there remains the possibility that parasites are physically trapped in the column.

6.2

Motivation for Titanium Dielectrophoresis
DEP methods are advantageous over density-based techniques like centrifugation

due to their increase in specificity. In fact, different DEP signatures have been reported for
different blood cells and parasites. Of most relevance to the work presented here is the
separation of T.brucei from RBCs demonstrated by Kremer et al. using a light-induced
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DEP (LiDEP) setup [99], and the localization of T. brucei reported by Menachery et al.
using spiral gold electrodes and traveling-wave DEP (twDEP) [10]. As previously detailed
by one of us there are different techniques to implement the field gradient required for DEP
[101]. For instance, LiDEP relies on a light modulator, usually a digital micromirror device
and digital light processing technology coupled to optimized optics, and a photoconductive
substrate to generate such gradient. Although Kremer et al developed a portable LiDEP
setup that was demonstrated for the manipulation of T. brucei, the complexity and cost of
the instrumentation might not yield a practical application in the affected zones. TwDEP
relies on a mobile or traveling electric field gradient, implemented through polarizing an
electrode array with an AC field of alternating phases, and offers the ability for longdistance cell transportation through the interaction between the moving field and the
polarized cell [102]. For example, twDEP could be desirable to move the T. brucei away
from the original sample in an attempt to eliminate any background noise from remaining
cells, or could eliminate the need for external forces for cell transport, i.e. centrifugation or
micropumps. However, twDEP requires more sophisticated electronics than conventional
DEP or LiDEP to apply AC fields of alternating phases. Furthermore, the low transport
velocity achievable in twDEP may compromise the practicality of using such technique in
a diagnostic assay [99,100].
Building upon existent work on the use of DEP for T. brucei enrichment, we
demonstrate the use of titanium microelectrodes to induce conventional DEP on T. brucei
towards its enrichment in specific locations. Ti is a low-cost alternative to gold and other
more expensive metals, which also offers biocompatibility and desirable mechanical
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properties for microfluidic devices [103–106]. The device presented here uses titanium
planar microelectrodes that are patterned on a silicon wafer using batch processes standard
in microfabrication. We expect that the relatively low cost of Ti and straightforward
fabrication approach will lead to inexpensive devices and a practical diagnostic assay in
the future.

6.3

Experimental Methods
This section entails the experimental methods for chapter 5.

6.3.1

Device Fabrication
Different electrode designs were considered for this work. The traditional

interdigitated fingers, where targets are trapped along the entire length of the electrode
were first considered, however were quickly discarded since such design would not afford
for punctual locations to enrich the parasite and facilitate their observation at specific and
pre-determined spots. We then considered triangular electrodes because they are known to
create punctual and strong electric field gradients but abandoned this geometry for fear that
the field strength at the sharp vertices of the electrodes would damage the integrity of the
parasites. We finally settled on semi-circular electrodes with the rationale that semi-circles
would offer weaker field gradients than the triangular electrodes but maintain the ability to
safely enrich the parasites at specified locations. To this end, the semi-circles were
arbitrarily positioned 180 𝞵m apart center-to-center to allow for separate, well-defined
locations for potential enrichment.
The titanium electrodes were fabricated on a silicon oxide surface through a lift-off
process as shown in figure 1A-F and detailed next. Silicon wafers (100 mm) featuring a
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500 nm-thick thermal oxide (Noel Technologies, Inc. Campbell, CA, USA) were first
cleaned in oxygen plasma (20 µTorr) for 15 s. A layer of LOR resist (Microchem, Newton,
MA, USA) was spin coated for 45 s at 2000 rpm on the silicon substrate and baked at 150
°C on a hotplate for 150 s (fig. 6.1b) (Brewer Sciences Cee Spin Coater and integrated
hotplate). A layer of AZ701 photoresist was then spin coated for 45 s at 3000 rpm on top
of the LOR, baked at 110 °C for 75 s, and exposed to a light with λ= 365 nm and an intensity
of 6 mW/cm2 for 20 s to generate a pattern (Quintel Ultra i-line Series). Post exposure bake
was done on the hotplate for 60 s at 110 °C. The exposed AZ and LOR layers were then
immersed in a 2.3% tetramethylammonium hydroxide/97.7% water bath to develop the AZ
layer and underetch the LOR (fig. 6.1d). The immersion time was manually adjusted to
around 2 min following visual inspection until obtaining an underetch of the AZ layer of
about 2 µm. After rinsing and drying, the patterned silicon substrate was transferred to a
metal evaporator to deposit 350 nm of Ti (CCS CA-40 E-beam Evaporator). After the
deposition process, the arrangement was immersed in remover NMP (1-methyl-2pyrrolidone) to dissolve the AZ and LOR layers and effectively lift-off Ti from undesired
regions of the substrate (fig. 6.1f).
To ready the device for experimentation, a microfluidic chamber was created
manually by cutting a rectangular shape from a paraffin film (PARAFILM® M) and
positioning the film around the Ti electrode array. For each experiment 10 𝞵l of cell sample
was introduced into the chamber via micropipeting and a glass slide was used to cover the
sample. Pressure was manually applied to the glass slide to compress the paraffin film and
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ensure the chamber was sealed. The cross section of an experimental device at the DEP
region is shown in figure 6.1G.

Figure 6.1 Fabrication of Ti electrodes: (A) A 6 inch silicon substrate was descummed with oxygen plasma
treatment at 20 uTorr (B) LOR resist was spin coated at 2000 rpm for 45s on to the silicon substrate and a
soft bake was performed at 150 ⁰C for 150 seconds. (C) AZ701 resist was spin coated at 3000 rpm for 45s on
top of the LOR resist layer and a soft bake was performed at 110 ⁰C for 75 seconds. (D) A Quintel Ultra iline Series machine was used to pattern the resist layers using UV light with λ= 365 nm at an intensity of 6
mW/cm2 for 20 s. Pattern development was performed via immersion in a 2.3% tetramethylammonium
hydroxide/97.7% water bath (E). The patterned silicon substrate was transferred to a CCS CA-40 E-beam
Evaporator to deposit 350 nm of Ti. (F) Lastly, the wafer was immersed in NMP (1-methyl-2-pyrrolidone)
to dissolve the AZ and LOR layers and effectively lift-off Ti from undesired regions of the substrate (fig. 1f).
(G) Conceptual schematic of the cross section of our device. (H) Predefined Regions of interest surrounding
a single semicircular electrode from out DEP device utilized to study the regional enrichment of the parasites
within the device.
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6.3.2

Sample Preparation and Viability Study
Samples of procyclic form (PCF) T. brucei were obtained from the Morris

Laboratory at the Eukaryotic Pathogens Innovation Center (EPIC) in Clemson University.
T. brucei were cultured at 29⁰C in 5% CO2 in SDM-79 media with a target density between
5 ⨯ 105 and 1 ⨯ 107 cell/ml [107]. T. brucei are known to display a worm like morphology
reaching 20-40 𝞵m in length by 1-3 𝞵m in width [108]. Their normal behavior in culture
media is that of a well dispersed population of individual parasites that are highly motile.
The procedure to prepare experimental samples was optimized as follows. In order
to induce the trapping of parasites in specific locations using positive DEP, the parasite
must feature higher electrical polarization than its surrounding medium at a given
frequency. Practically speaking and at the frequencies used in this work, the electrical
conductivity of the medium must thus be as low as possible while also supporting the
viability of the parasite during experiments. The requirement for low media conductivity
∗
is because complex permittivity 𝜀 ∗ of the parasite 𝜀𝑝∗ and media 𝜀𝑚
are described by the

same general equation;
∗
𝜀𝑝,𝑚
=𝜀−𝑗

𝜎𝑝,𝑚
𝜔

(1)

where 𝑗 is the imaginary unit vector, 𝜔 is the angular frequency of the applied electric field;
and 𝜀𝑝,𝑚 and 𝜎𝑝,𝑚 is the permittivity and conductivity of the parasite or suspending media.
Analysis of equation 1 illustrates how the complex permittivity is directly related to the
electrical conductivity, and that to induce a positive DEP force on the parasite the
conductivity of the media, 𝜎𝑚 , must be lower than that of the parasite, 𝜎𝑝 .
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To this end, viability studies of the parasite in media with decreasing values of
electrical conductivity were then conducted as follows; A sugar solution (9% sucrose, 0.5%
dextrose and 0.3% bovine serum albumin by weight) widely used as buffer for DEP
experiments was used as a base and its electrical conductivity adjusted to specific values
using phosphate buffered saline (PBS). Conductivity values tested were 120 µS/cm
(conductivity of the DEP experimental media), 408 µS/cm, and 504 µS/cm (OAKTON
PC700 conductivity meter). The control experiment was in growth media, SDM-79. In all
cases, including the control, the parasites were washed and re-suspended 3 times into the
designated media using centrifugation (Hermle Z200A). The different samples containing
the parasites were then individually placed in 35 mm sterile petri dishes. A randomized
area of each sample was observed and recorded for 30 minutes. This time was chosen as
the maximum time for our viability study because our experiments were designed to time
efficient such that the results could compete with current clinical practices. Total clump
area was measured to assess the health of the culture, since clumping is a common result
of cell lysis due to factors such as environmental stress and overgrowth. An optimized
media for DEP experiments was assumed to be that with the smallest electrical conductivity
and lowest density of parasite clumps.
6.3.4

General Protocol for all Electrical Characterization Experiments
The experimental protocol did not feature any flow and all experiments were done

in stationary flow conditions. Each experiment featured the following stages: 1) 10 µl of
the experimental sample were injected into the microfluidic chamber of the device using a
micropipette; 2) chamber was sealed, and the sample allowed time to stabilize; 3) A video
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recording (Andor Zyla Camera coupled to a LV100 Nikon Eclipse Microscope) of the
experiment was started 4) After 10s the titanium electrode array was polarized using an
AC signal of specific frequency (100 kHz-20MHz) and magnitude (5Vpp) using a BK
Precision 4040B voltage generator. The response of the parasites to the polarized electrodes
was recorded for 110 s.
All 120 seconds-long videos were analyzed using ImageJ [62]. The field of view
for all videos recorded included 8 electrodes. Only individual T. brucei that were on the
same plane as the electrode, i.e. those that were in focus, were included in the analyses.
6.3.3

Computational Modeling
ANSYS Electronics Desktop running on a DELL XPS 15 with an intel Core i7-

6700HQ CPU and 16 GB of RAM was utilized to model the distribution of the electric
field (E) as well as the square of the electric field gradient (𝞩 E2 ) using the built-in
Maxwell 2D electrostatic solvers. The magnitude and spatial distribution of the electric
field was modeled for four different values of polarization voltage in the range 5-20Vpp
towards selecting a voltage that would enable DEP forces but prevent electrical lysis of the
parasite. Upon selecting such voltage, the corresponding 𝞩 E2 was modeled to estimate the
strength of the DEP force throughout the device and predict the regions we expected to
lead to parasite enrichment.

6.4

Analytical Methodology
This section entails the analytical methodology for all of chapter 5.
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6.4.1

Dielectrophoretic Characterization
The DEP response of the parasites was characterized based on the percentage of the

parasites that were attracted to any part of the electrodes at the time mark of 50 s. The
percentage of attracted parasites was calculated using equation 2 by comparing the total
number of parasites visible in the field of view at 50 s, or CT,t=50, to the number of parasites
that were attached (assessed visually by their characteristic perpendicular alignment to the
electrode edge) to any of the monitored 8 electrodes, or CA,t=50.
[CA,t=50 ̸ CT,t=50]⨯100,

(2)

This analysis was done for three videos per each of the 6 frequencies investigated
between the range of 0.1MHz-20MHz. A higher percentage of attached cells was assumed
to indicate a stronger positive DEP response induced on the parasites.
6.4.2

Enrichment Characterization
T. brucei parasites in specific locations was measured by monitoring the number of

them over time in 4 unique and pre-defined regions of interest for each electrode as
illustrated in figure 6.1H. Parasite enrichment was measured for each region and reported
as a percentage increase or decrease in parasites from time t=0 to t=50 s. The average
regional enrichment was plotted for each of the 4 defined regions to determine their
enrichment potential. The percent enrichment for each region was calculated as a percent
change in the number of parasites from time, t=0 s to time, t=50 s using equation 3,
[(CRT,t=50 - CRT,t=0) ̸ CRT,t=0]⨯100,

(3)

where, CRT,t=50 is the regional total count of parasites in at 50 seconds and C RT,t=0 is
the regional total count of parasites at 0 seconds for the same region. Only single, living
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parasites that were on the same focus plane of the electrode were considered. This
consideration was practical and towards an eventual tool to facilitate direct observation of
the parasites in specific locations. In this study positive values in enrichment percentage
indicate a tendency for parasites to migrate towards the region of interest while negative
values indicate the opposite.

6.5

Results and Discussion
This section presents the results and discussion for those methodologies presented

in section 6.3 and 6.4.
6.5.1 Viability Study: Finding an Optimal Balance Between Viability and DEP
Response
As previously noted, the parasites are highly motile and maintain a single parasite
dispersion when immersed in culture media. Since single parasite dispersion is necessary
for adequate characterization of their DEP response, the ideal experimental DEP media
would feature low electrical conductivity and lead to the least clump formation. Results of
total clump area in the culture depending on the electrical conductivity of the media are
shown in figure 6.2 after an immersion time of 30 min. A clump of parasites was defined
as 3 or more parasite sharing a single junction, and the 2D surface area of each clump was
measured in ImageJ. The reported clump area is the summation of all clumps in the
measured area. It is clearly observed that the total clump area decreased as the conductivity
of the buffer media increased. The 504 µS/cm buffer was selected for our DEP experiments
due to offering the best compromise between maintaining a low clump area and a
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conductivity that is low enough to potentially induce a positive DEP response within the
parasites.

Figure 6.2 The total clump area of T. brucei measured in different samples featuring a standard DEP
experimental media (120 µS/cm) and experimental media with increasing electrical conductivity. The
control was a sample of T. brucei in their standard culture media. An experimental media with electrical
conductivity of 504 µS/cm was chosen as a compromise between maintaining a suspension of individuals
and a conductivity value that can lead to a strong positiveDEP response.

6.5.2

Computational Modeling: Finding an Optimal Polarization Voltage
Figure 6.3 depicts the distribution of E in the microfluidic device at different

polarization voltages in the range 5-20 Vpp. As expected, the magnitude of E is directly
proportional to the polarization voltage (Fig. 6.3 a-d). In this work we targeted an electric
field magnitude less than 105 V/m throughout the entire device in order to maintain cell
viability; following the work by Glasser et. al. who observed that electric fields of this
magnitude showed minimal effects on cell viability during short term exposure to strong
ac fields in the frequency range of our experiments [109]. Hence, we performed
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experiments using a polarization voltage of 5 Vpp. In this case, the magnitude of E
throughout the device would be expected to be <7X104 V/m.

Figure 6.3 Modeling of the electric field E for an array of titanium electrodes (white geometries) polarized
using different voltages: (A) 20 Vpp (B) 15 Vpp (C) 10 Vpp and (D) 5 Vpp. The modeled media around
electrodes was water with an electrical conductivity of 504 µS/cm. As expected, the magnitude of the electric
field increases proportional to the magnitude of the polarizing voltage. A magnitude of E <105 V/m is desired
to minimize the risk of electrically lysing the parasites. E) Modeling of 𝞩 E2 in an array of titanium electrodes
(white geometries) polarized using 5Vpp. The modeled media around electrodes was water with an electrical
conductivity of 504 µS/cm. If the parasites experience a positive DEP force, they are expected to migrate to
the regions of highest 𝞩 E2, shown as orange-red in the figure.

Figure 6.3E illustrates the modeled distribution of 𝞩 E2 in the microfluidic device
when electrodes are polarized using 5 Vpp. When assuming induction of a positive DEP
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force on the parasites, the parasites would migrate towards regions with the highest 𝞩 E2,
or the orange-red regions in the figure. Based on several DEP results by other authors, the
magnitude of 𝞩 E2 in the 1013 𝑉 2 /𝑚3 range would be enough to induce movement on the
parasites. Hence, from this computational model we would expect that parasites under the
effect of a DEP force would migrate to the leading edges of the semicircular electrodes,
which are included in regions 3 and 4 (see figure 6.1H).
6.5.3

Electrical Characterization: Dielectrophoretic Response
Electrical charges naturally exist within the cell structure and these can become

redistributed and aligned upon exposure of the cell to an electric field, leading to cell
polarization, the inductance of an electric dipole and motion of the cell due to DEP [110].
The electrical double-layer that develops at the interface between the cell outer envelope
and the suspending electrolyte will yield a membrane capacitance that depends on the cell
size, shape and composition of such outer envelope. Such capacitance will dominate the
cells DEP response at low frequency values of the applied electric field, i.e. the leftmost
region of the DEP curve in figure 6.4. In addition to this interface, the organelles and
entities within a cell will yield their own dipole depending on their unique structure and
function. At higher frequencies of the applied electric field, the cells DEP response
becomes a function of the electrical properties of the interfaces inside the cell, such as those
originating from different organelles in the cytoplasm and their volume relative to that of
the cytoplasm [110,111].
Figure 4 depicts the DEP response of T. brucei to an applied voltage excitation of
5 Vpp at 6 different frequencies in the range 100 kHz – 20 MHz. The light blue triangles in
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figure 6.4A represent the average (n=3) percent attachment of T. brucei to the electrode at
a given frequency. A theoretical DEP response of T. brucei, shown as the smooth red curve,
was previously reported by Kremer et al. and overlaid over our results for comparison [99].
It can be clearly observed that percent attachment in the experiments performed here was
at least 50% and that a polarizing frequency of 750 kHz leads to the strongest positive DEP
force and highest percent attachment; thus providing the most potential to rapidly enrich
the parasites in a specific location. These results also indicate that T. brucei shows a strong
positive DEP response across the entire frequency range tested; a fact that is partially
confirmed by Kremer et. al. While experimental and theoretical results highly overlap at
frequencies above 500 kHz, the theoretical DEP trapping seems to sharply decrease at
frequencies below 400 kHz. Disparities between our experiments and Kremer et.al at these
lower frequencies can be accredited to their shape simplifications of the parasite. Their
assumptions simplify the parasite into a prolate elliptical shape, composed of two
concentric shells, a membrane and cytoplasm. As illustrated in figure 6.4B and reported by
other authors , the parasites feature a worm-like morphology vastly more complex in shape
and internal structure [112] than what was assumed by Kremer and co-authors. Large
organelles present inside the parasite like the nucleus and the kinetoplast each would have
their own dielectric properties, and together with their spatial distribution, would contribute
to the overall dielectric response of the parasite. Other organelles within the parasite are
also likely to have an effect on its DEP response, specially at high polarizing frequencies.
Hence, the broadening of our experimental curve when compared to Kremer et al is likely
due to the slender shape and size of the parasite at frequencies in the kHz range and to the

114

contributions of the different organelles at frequencies beyond 107 Hz. A detailed study on
the impact of organelles on the DEP response of T. brucei is out of the scope of this paper,
which focuses on determining the conditions that will lead to rapid and strong enrichment
of the parasite in specific locations. Envisioned future work includes such detailed study
as well as the effect of parasite motility and age in the DEP behavior of T. brucei.

Figure 6.4 A) Characterization of the DEP response of T. brucei across a broad frequency range
100 kHz to 20 MHz. Dark blue bars represent the standard deviation between experiments (n=3). B) T. brucei
cultured at 29⁰C in 5% CO2 in SDM-79 media with a target density between 5 ⨯ 105 and 1 ⨯ 107 cell/ml.
Courtesy of Christina Wilkinson and James Morris.

6.5.4

Electrical Characterization: Determining Regions of Highest Enrichment
Figure 6.5 depicts the results of the enrichment study, where the enrichment of

parasites is expressed as a percent increase or decrease in parasites from time t=0 to t=50s
within each of the 4 pre-defined regions of interest. Region 4 yields close to 800%
enrichment while region 1 is actually depleted of parasites (negative enrichment).
Importantly, the percentage enrichment reported is a combination of both enrichment due
to the sideways migration of parasites from one region to another, and enrichment from
parasites migrating from the bulk of the sample into the observation plane.

115

During analysis it was confirmed that the parasites tended to concentrate in regions
of higher electric field gradient. Experiments showed that parasites tended to concentrate
in region 4, a square area of dimensions of 40𝞵m ⨯ 85 𝞵m, at a rate of 780%, higher than
any other region. In fact, the second highest rate was region 3 increasing the concentration
of parasites by 163% over the same time span. Region 1 resulted in an average decrease in
the concentration of parasites by -29% while region 2 saw the parasite concentration
increase by only 12%. The computational model for 𝞩 E2 presented here further validates
these results due to the fact that the regions with the highest enrichment correlated to the
regions of the electrode with the highest 𝞩 E2 . These results indicate a significant potential
for the use of DEP to position and enrich the concentration of T. brucei in specific locations.
Particularly our microfluidic chamber facilitated the ability to increase parasite
concentration in region 4, a square area of dimensions of 40𝞵m ⨯ 85 𝞵m by 780% in just
50 seconds.
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Figure 6.5 A Regional Enrichment Study of Parasites from time t=0 to t=50s for 4 predefined regions of
interest shown in figure 2B. All enrichment experiments were performed at a frequency of 750 kHz, as such
frequency yields the strongest positive DEP response of T. brucei under the conditions studied in this work.
B) Single electrode at t=0 illustrating low attachment of parasites to electrode edges. C) Single electrode at
t=50 illustrating high attachment of parasites to electrode edges, particularly in regions 3 and 4 (dashed
rectangles).

6.6

Concluding Remarks
We reported the characterization of the conditions that lead to the enrichment of T.

brucei in specific locations using DEP. A frequency of 750 kHz at a polarizing voltage of
5 Vpp induced the strongest positive DEP response from the T. brucei parasites. This
frequency was subsequently utilized to position and enrich T. brucei within a square planar
region 40𝞵m ⨯ 85 𝞵m. The positioning proved to be highly efficient, resulting in a 780%
enrichment of parasites in less than a minute.
Early diagnosis of the presence of T. brucei at the first stage of infection can have
a significant impact on patient outcome by enabling timely and adequate treatment before
the disease moves into the second stage which causes neuropsychiatric manifestations such
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as sleep disorders, derangement, and eventually death. Upon positive results from a CATT,
assessing the presence of T. brucei in locations determined a priori can facilitate their
detection and thus lead to an easy-to-use and robust assay. The use of arrays of semicircular
titanium electrodes to enrich parasites in desired locations using DEP proved to be a rapid,
low-cost methodology to achieve this end. However, further work is needed to characterize
the specificity of DEP in regard to enriching T. brucei in a practical scenario. More
specifically, the ability to use DEP to isolate parasites from WBCs and other species, i.e.
microorganisms and parasites, that might be present in a buffy coat and/or plasma portions
of a centrifuged blood sample.
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